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(47) Abstract

A method and uppurstus fur bierfacing dic motion of an vbject (18) with e digltal processing system (250) includes a scasor (14,
110) for detecting movement of the object (18) along & degree of freedom. A passive pneumaltic or hydraulic damper (12, 108) is coupled
to the objact (18) to provide a damping reziztance to the object (18) slong the degree of freedom and resist a mavement of the ahjert (1R).
Tlie dauping esistance is provided by rcgulating the conool of a fluid with a digital computing apparstus (52), thus providing a low-cost,
low-power force-feedback intertace that is safe for the user. ‘Ihe damper (12, 108) and sensor (14, 110) provide an elecoomechanical
interface (10) berween the object (18) and the electrical system. A gimha! a7 nther interface machanism ean be coupled betwesn the damper
(12, 108) and the vbjet (18). The intecface is well suilad for sinulations ar video games in which an object such as.a joystick is moved
and manipulated by the user.
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Technical Field

The present invention relates generally to interface devices between humans and computers,
and more particularly to computer input devices that provide force feedback to the user.

Background At

Computer systems are used extensively in the home entertainment industry to implemant
video games, video simuladons. and the like. Ino the video garne industry, a videv gamne computer
system displays a visual game environment to a user on 8 display screen or other visual output
device. Users can interact with the displayed environment to play a game, cxpericnce a simulation
or "virtual reality” environment, or atherwise influence events depicted on the screen. Such user
intcraction is implemented through the usc of a human-computer interfoce device, such as a
Joystick. “joypad” button controller. mouse. stylus and tablet, or the like. that is connected 10 the
computer system controlling the game environment.

One common interface device to game environmeats is a joystick controller. A joystick
usually includes & ruember for the user W grasp and muve in unc ur moure degrees of freedow. The
user's manipulations of the joystick are input to the computer system and the results or effects of
thesc manipulations are typically displayed to the user on the display screen. While a standard
joysuck is effective in allowing a user to input commands to a game environment, it is limited to
providing only input to the game computer system. The user can receive feedback about the results
of his or her actions only through the visual medium of the display screen and, usually, the
auditary medium. A standard joystick cannot itself provide feedback information to the user. For
cxample, if the simulated aircraft that the useris controlling in a game environment collides with
another aircraft. the user only receives the visual and auditory feedback that such a collision

occurred. The standard joystick has no means of coaveying such collision information to the user.

Joysticks and other input devices have been developed to provide tactile ("haptic") feedback
W & user, wore generally known as “force feedback.”  These types of joystcks can provide
physical sensations to the user manipulating the joystick. Typically, motors are coupled to the
Joystick and arc connected to the controlling computer systerm. The computer system can provide
forces on e joystick in conjunction with gaming events by controlling the motors. “Vhrough such
a joystick, the computer system can convey to the user the physical sensation of colliding int o
wall, moving through & liqui'd. driving over a bumpy road. and other sensatons. The user can
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thus experience an entire sensory dimeasion in the gaming experience that was previously absent.
Force feedback joysticks can provide a whole new modality for human-computer interaction.

Force feedback input devices of the prior art have concentrated on providing maximum
haptic fidclity, i.c., the realism of the tactile feedback was desired to be optimized. This is because
mast ot the force feedback devices have been targeted at the specific needs of highly industrial
applications. To attain such renlism, important design concerns such as size, weight, complexity,
power consumption. programming compatibility. cost, aesthetics, and safety have been sacrificed.
As a result, typical force feedback mechanisms are complex robotic mechanisms which require -
precision cornponents, high speed interface electrunics, and eapensive actuators.

To provide realistic force feedback, tic devices of the. prior arnt typically use servo motors
under computer control. Ppeumstic and hydraulic devices are also 1sed as acmatars in foree
feedback devices. In pneumatic and hydraulic devices, a source of pressurized fluid is usually
coupled to a piston in a cylinder. and the flow of the pressurized fluid-is controlled by a computer
system to provide active forces to the user. For example, a pneumatic system is described by
Burdea et al. in U.S. Patent 5,143,505, in which sctive pucumatic actvators are provided on au
interface glove to provide force feedback to a user's fingers. These systems regulate pressurized

air to generate active forces to the user.

Whilc the potcntial market and applications of forcc fecdback controllers in the home video
game indusury is immense. a number of concems face the potental providers of force feedback
Joysticks to the general public for video game and similar applications. Foremost among these
concerns is Wic issuc of uscr safcly. Because a forve feedback device can impan physical forces
upon the user, the potental for injury must be carefully addressed. One type of potential injury is
an impact injury, which is caused by a driving blow to the uscr from the Joystick handle. Equally
as imporiant are repetitive motion injuries. which are debilitative injuries that are caused by
moderate jarring of the user's hand over an extended period of game play. Such injury issues must
be resolved before force feedback joysticks can be pracdcally sold to the general public.

In the prior art feedback conwollers, active forces are directly applied 1o the user © provide
an inherendy unsafe controller. In addition, high accelerations are usually produced to provide a
wide range of force signal frequencics and achieve the desired high realism. However, such
accelerations are even more unsafe for a user operating the device. These joysticks and other
devices are thus unfit for the home market of video games and the like. .

Other concerns regarding force feedback joysticks include the efficiency of manufecturing
aud snurketing the joysticks. The cost, complexity, reliability. and size of a force feedback joystck
tar home use should be practical encugh to mass produce the devices. In addition, aesthetic
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concemns such as compactness and operating noise level of a force feedback device are of concem
in the home market. Since the prior art feedbock controllers are mainly addressed to specific
applications in industry. most force feedback mechanisms are costly, large, heavy, have significant
power requirements, are difficult to program for applications. The prior art devices require high
speed control signals from @ conyvlling computer for stability, which usually rcquires morc
expensive and complex electronias. In addition. the prior art force feedback devices are typically
large and noisy. These factors provide many obstacles to the would-be manufacturer of force-
feedhack joysticks to the home video game market.

For example, the pneumatic force feedback device of Burdea er al. mendoned above
includcs many disadvantages to a would-be provider of force feedback devices in the home video
game industry. The force feedback interface of Burdea er ul requires a large wuterface box
including bulky pressure regulators, pressurized air supply. and a large 24-volt power supply.
The wive pucwnatic actuators of Burdea et al. require high speed control signals to operute
effectively and provide srahility. Finally, Burdea et al’s pneumatic actuators can potentially be
dangcerous for a uscr when strong or unexpected forces areAgenerated on a user of the interface.

Thercfore, a safer, less cxpensive, less complex, more compact, more reliable, easier
programmed. more aesthetic alternative to force feedback interface devices is desired for cenain
applications.

Disclosure of the Invention

The present invention provides a human/computer fluid-resistance interface device that
provides force feedback to 4 user operating the device. The device wicludes computerconuolled
pneumatic or hydraulic dampers that provide a modulated passive damping resistance to the motion
of an object that is controlled by a user. The interface device of the present invention is inhcrently
safer for a user, requires lower power, and is less costly to produce than active actuators and other
types of pneumatic/hydraulic actuators.’ 4

More particularly, an apparatus of the present invention for interfacing the motion of an
object with an electrical system includes a sensor, such as @ digital cncoder, Wat detects mpveneut
of an object along a degree of freedom and develops an electrical sensor signa] for the electrical
system. The sensor is coupled to the object in the preferred embodiment. The apparatus also
includes a passive fluid-resistance mechanism, such as a pneumatic or hydraulic damper, coupled
to the object to transmit a drag to the object along the degree of freedom and resist a movement of
the object. The damper Is responsive 10 an electrical resistance signal provided by the electrical
system and, with the sensor, provides an electromechanical interface between the object and the
clectrical system. In the preferred embodiment, the object is a joystick controllcr.
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In the preferred embodiment, the passive dumper uses air (or a different gas) flow 10
control the damping resistance aurput hy the damper. In alternate embodiments. the passive
damper can be a hydraulic brake utilizing liquid flow. The passive dampcr includes a cylinder and
a piston operative [0 move within the cylinder. A valve is included for regulating a flow of a fluid
through the cylinder, the valve being controlled by a digital computing apparatus to transmit a
variable drag w the movement of the object. The valve can be an on-off valve which provides only
two magnitudes of drag to the object. These two magnitudes include negligible drag when the
valve is upen, and ruaxitnuin drag whicn die valve is closed to allow substantially aqu movcuicnt of
the object along the degree of freedom. The valve can alternatively he a variable valve that
provides multiple raagnitudes of drag to the object. A solenoid can be coupled to the valve to
control the opening and closing of the valve from the digital computing apparatus. A gimbal
mechanism or slotted yoke mechanism can be coupled between the object and the damper. A play
wwechanisiu can wlsv be coupled between tie damper and die object for providing a desired amount
of play herween the damper and the object along the degree of treedom. The play can include
rotary backlash provided by a coupling coupled to the object and having a keyed bore which is
smaller than a keyed shaft that is received by the keyed bore. The keyed shaft is coupled to the
damper. The desired play allows the sensor to detect movement of the object even when maximum
resistive foree is applied o the object.

Anvther apparatus for interfacing the motion of an object with an electrical system in
accordance with the present invention includes a gimbal mechanism providing a first revolute
degree of frecdom to an object engaged with the gimbal mechanism about an axis of rotation. The
gimbal mechanism includes a closed loop five member linkage in a preferred emhodiment. A
sensor is rigidly coupled to the gimbal mechanism for sensing positions of the object along the first
degree of freedom. A braking mechanism is coupled to the gimbal mechanism to create a passive
damping resistance to movement of the object along the first degree of freedom. The braking
mcchanism provides the damping resistance by regulating the flow of a fluid. The braking
mechanism and the sensor provide an electromechanical interface hetween the object and the
electrical system. This electrical system preferably includes a digital processing systcrn for
providing a braking signal to the braking mechanism and for recejving an clecmcal signal from the

sensor.

The gimbal mechanism preferably provides a second degree of freedom to the object about
a second axis of rotation, and a sccond scnsor senses posidbns of the object alung Ui secund
degree of freedom. A second braking mechanism createc a passive damping resistance. along the
second degree of freedom by regulating the flow of a sccond fluid. The braking mechanism
preferably includes a piston assembly and a valve. where the piston assembly includes a cylinder
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and a piston operative o move within the cylinder. A piston rad couples the piston (o the object
and includes two ends, cach cnd connccted by a ball joint.

A wethod for interfacing motion of an object with an electrical system includes providing
an object having a degree of freedom. Positions of the object along the degree of freedom are
sensed with a sensor and electrical signals are produced from the sensor. A resistance to
movement of the object is created along the degree of freedom by conuolling the flow of a fluid.
The degree of freedom can be a rotary degree of freedom or a linear degree of freedom. The step
of crealing a resistance to the object's movement includcs coupling a passive brake to the object.
The. passive hrake can include a piston assembly and a valve to control the flow of the fluid. In an
altcrnatc cmbodiment, the brake can include a piston assembly having a cylinder and a piston. An
electrarheological fluid is provided in the cylinder, and a vullage is applied to electrodes in the
cylinder. The voltage induces an electric field, which, in turn, controls a viscosity of the
clecuorheological fluid and dicrcby allows the flow of the fluid to be rcgulated. A gimbal
mechanism or slotted yoke mechanism can also be included tn provide two or more degrees of
freedum to the object. The gimbal mechanism can be a closcd loop five member linkage.

In yet another embodiment of thc present invention, a system for conwolling an
electromechanical interface apparatus manipulated by a user includes a digital computer system for
receiving an input coatrol signal and for providing an output control signal which updates a
process. such as a simulation or video garue process, i response to the input control signal. A
passive damper for receiving the output control signal provides a resistive foree along a degree of
ficcdom to an object coupled to the passive damper. The object is preferably grasped and moved
hy the user. The resistive force is based on a flow of a fluid within the passive damper, and the
flow of the fluid is based on information in the output control signal. The force resists a user farce
applied to the object by the user along Uic degree uf ficeduiy. A seusor detects motion of the object
and outputs the input costrol signal including information representative of the position and motion

of Ui object to the digital computer system.

Preferubly, the digital computer updates a simulation process in response to the input
control signal and displays a simulation (or video game) to the user on a display screen. The
passive damper is a pncumatic or hydraulic brake that includes a piston assembly and valve for
regulating the flow of the fluid. The digital computer sysiem preferably regulates the fluid flow by
contolling the valve. Preferably, a local processor is coupled berween the digital computer system
and Uie danper/sensur Uiat receives the output control signal from said digital computer system and
pravides a second output cantmi signal to the passive damper. The local processor also receives a
sccond input control signal from the sensor end outputs the input control signal to the digiul
computer system. The local processor can provide the second output cunuol signal W the passivec
damper in response to the position and motion of the object. This can he accompished



20

25

30

WO 96/42078 6 PCT/US96/09664

independenuy of the output control signal from the digital computer system in a "reflex" process.
A serial interface can output the output control signal from the computer system and can receive the
input contro] signal to the computer system. A digital w analog converter can receive the output
control signal, convert the output contral signal to an analog contro] signal, and output the analog
control signal to the passive damper. The output contro] sigual can control the resistive force on
the object to simulate the Ohject maving inte an obstacle, moving over a textured surface, or
moving through a damping environment in accordance with the simulation or videv game.

The force feedback of the present inveation is provided by passive dampe;s, which do not
generale furces un a user but instead provide a damping resistance to the motion of a joystick
mnved by a user. The present invention is thus inherendy safe for a user to opcratc. In addition,
the dampers requirc less power and slower control signals than active actuators such as acfive
preumatic or hydraulic actuatars and motors. In addition; the dampers are less costly and requirc

‘simpler computer control clectronics than other types of passive aclualurs. These improvements

allow a computer system to have accurate control over a low-cast, safe interface providing realistic
force feedback.

These and other aﬂvantages of the present invention will become apparent to those skilled
in the art upon a reading of the folluwing specification of the invention and a study of the several
figures of the drawing. :

Buiel Description of the Rrawings

Figurc lais a schematic. diagram of a transducer System in accordance with the present
invention far providing passive force fesdback to an object in a lincar degrez of freedom;

Figure 1b is a schematic diagram of an altematc transducer system of Figure 1a fur use in

hydraulic systerms;

Figure Icis a scliciuatic diagram of an altemate transducer system of Figure la for use in
hydrautic systems:

Figure 1d is a side sectional view of the piston assembly of Figure Ic;

Figure. 2 is a schematic diagram of a first alternate embodiment of the transducer system of

Figure 1g;

Figure 3a is a schematic diagram of a sccund alternate embodiment of the transducer system
of Figure 1a;
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Figure 3b is a schematic diagram of an altemate wransducer system of Figure 3a for use in
hydraulic systems;

Figure 4a is a schematic diagram of an interface system including transducer systems of
Figure 1;

Figure 4b is a perspective view of the interface system of Figure 4a;

Figure 5a is a schematic diagram of an alternate interface system including transducer

systems of Figure la;

Figures 5b and Sc are schematic diagrams showing the movement of a user object in the
interface system of Figure Sa;

Figure 5d is a perspective view of the interface system of Figure Sa;

Figure Se is a perspective view of the interface system of Figure 5a having a stylus--
receiving user object;

Figure 5fis a perspective view of the stylus-receiving usér object of Figure Se and a stylus;

Figure 5g is a perspective view of the interface system of Figure 5a having a ﬁngcr-
receiving user object;

Figure 5h is a perspective view of the finger-receiving object of Figure 5g and a user's
finger;

Figure 6a is a schematic diagram of a transducer system in accordance with the present
invention for providing passive force feedback to an object in a rotary degree of freedom;

Figure 6b is a schematic diagram of the transducer system of Figure 4a where an object has
been moved within the rotary degree of freedom:

Figure 6¢ is a sectional side view of the damper shaft and a play mechanism of the
transducer system of Figure 6a;

Figure 6d is a sectional side view of the damper shaft and plav mechanism of Figure 6¢c; -

Figure 6¢ is a detailed view of the keyed portions of the damper shaft and play mechanism
of Figure 6¢;

Figure 7 is a schematic diagram of an alternate embodiment of the transducer system as

shown in Figure 6a;
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Figure 8 is a schematic diagram of an interface system including the wansducer system of
Figure 6a;

Figure 9 is a perspective front view of a preferred embodiment of the interface system of .
Figure 8 including a joystick object;

Figure 10 is a perspective rear view of the embodiment of the interface system of Figure 9:

Figure 11 is a perspective view of a slotted yoke mechanical apparatus used with the
transducer systemn of Figure 6a;

Figure 12 is a block diagram of a control system for the interface systems of the present
invention;

Figure 13 is a schematic diagram of a first embodiment of the control system of Figure 12;

Figure 14 is a schematic diagtam of a second embodiment of the control systern of Figure
12;

Figure 15 is a flow diagram illustrating a method for controlling the transducer systems of
the present invention.

Best Modes for Carrying out the Invention

In Figure la, a schematic diagram of a transducer system 10 for providing computer-
controlled force feedback in aceordance with the present invention is shown. Transducer system
10 includes a damper assembly 12 and a sensor 14. A user object 18 is preferably coupled 10
damper assembly 12 and sensor 14 to allow the user to interface with a computer systerz 16. In
the preferred embodiments, a user grasps user object 18 and moves the object in one or more
provided degrees of freedom. Transducer system 10 is also considered an interface system to
computer system 16; in other embodirments, described subsequently, an interface system iocludes
additional mechanical components. The transducer system of the present invention both senses the
position of the object and provides passive force feedback in the provided degrees of freedom. as
described below. Thus, as used herein, "transducer system" refers to a system that both senses
positions and provides force feedback. "Damper"” refers to a passive resistance mechanism thar
provides a damping resistance to motion of an object coupled to the mechanism.

Damper assembly 12 is coupled to object 18 to provide a passive damping resistance to the
movement of abject 18. Preferably, a user generates a force on object 18, which causes the object
o move in one or more provided degrees of freedom. In the embodiment of Figure 1a. a single
linear degree of freedom is provided for object 18. The damiping resistance generated by damper
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assemnbly 12 dampens or resists the motion of object 18 in thut degree of freedom, as described

below.

Dampcr assembly 12 is a "fluid-resistance” device which provides a damping resistance
based on the regulation of fiuld flow within tic device. In the preferrcd cmbodiment, the fluid is a
gas, such as air. Damper assembly 12 can also be referred to a< & "pneumatic brake.”  In aliernate
embodiments, hydraulic passive devices can be used to provide resistance based on the regulation
of liquid flow. However, pneumstic devices with gas flow, specifically air flow, arc morc
appropriate for the embodiment of Figure la. Damper assembly 12 preferably includes a piston
assemhly 20) and a valve 22. Piston assembly 20 includes a housing or cylinder 24, a piston 26,
and a piston rod 28. Cylinder 24 is an elongated structure having a hollow interior 30. an rod
opening 32 posidoned at one end, und a valve orifice 34 positioncd at the opposite end. The
cylinder is preferably cylindrical, but can ba rectilinear or have a cross section of other shapes in
vther embudiments. Preferably, cylinder 24 is made out of glass, graphite, plastic, or a similar
smooth material.

Piston 26 is positioned within the interior of cylinder 24 and is consuuined w be moved
along the degree of freedom designated by axis 36. Piston 26 is preferably also made out of a
material such as graphite, glass or plastic and thus lias a smooth outer surface. Diston 26 bas a
cross sectional shape equivalent to cylinder 24 so that & minimum gap between its outer edge and
the inner edge of the interior 30 exists aud no substantial amount of fluid may escape between the
gap. Implementing a moving pistan within a cylinder is well known to those skilled in the art.
Piston asscmblics or similar dapshot devices available from several manufacturers can be used in
the present inveation. For example. a sujtable pneumatic device is the Precision Air Dapshot
available from Airpot of Norwalk, Connecticut. Piston rod 28 conples piston 26 to user object 18
such that when object 18 is moved by a uscr in the degree of frecedom 36, piston 26 is also moved
in that degree of freedom. -

The motion of piston 26 is dependent on the flow of a fluid 38 through valve orifice 34 in
cylinder 24. As statcd above, fluid 38 is preferably a gas such as air, but can be a liquid in other
embodiments. As is well known to those skiiled in the ar(, & pistun may move when valve orfice
34 is unrestricted, which allows the fluid to flow through the orifice. For example, if the fluid is
air in a pneumatic systein, then the piston 26 can move toward orificc 34 if the piston is allowed to
force air from the partion of interiar 30 in “front” of the piston. through orifice 34. and o the
aunosphere outside cylinder 24. Similarly, piston 26 can move toward opening 32 if air is allowed
to tlow trom the atmosphere into the “front” poruon of interior 30 of the cylindei. As refercnced
herein, the term “free movement” or “freely move” refers to the piston's movemnent when valve
orifice 34 is complewely vpen, allowing uviesuicted fluid flow to and from interior 30 through
orifice 34. The term "canno! move" or “"substantially no movement” refers to the piston’s
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movement when no fluid (actually a negligible amount of {luid) can flow to and from intcrior 30.
In gcruality, some movement of piston 26 is typically possihle due to the compressible nature of air

and other fluids, and duc to small fluid leakages in the system.

Fluid 38 is used in damper asscmbly to provide a damping resistance or drag to the motion
of object 18. That is, energy can be removed from the system such that when the user moves
ubject 18, a passive resistance to the object's motion is created. The motion of the object can be
resisted by controlling the amount of flujd flow through orifice 34. In the described embodiment,
the fluid flow through orifice 34 is controlled by valve 22. Valve 22 is coupled to a duct 40 of
cylinder 24 which allows fluid 38 o flow fruw intesior 30, through orifice 34, and into a passage
in valve 22. As is well known to those skilled in the art, a valve can he controlled to vary the size
of the valve's passage to provide a selectable amount of fluid flow through the valve. The valve
shown in Figure 1a, for éxample. can he an "on-off valve" or "open-close valve" that provides two
amounts of fluid flow through orifice 34. The first is no fluid flow {closed valve), in which the
valve is selected to connect a closed port 42 to duct 40. Tlds ullows substantially no fluid to enter
or leave the interior 30 and stops the movement of piston 26 within cylinder 24 (as explained
bove, suie woveuent is actually still allowed duc to compressibility and leakage of fluids). This
provides the maximum damping resistance (i.e., maximum amount of drag) o piston 26 and user
object 18.

The second amount of fluid flow is full flow (open valve), in which valve 22 connects
open port 44 to duct 40. Open port 44 allows fluld 38 to be vented to the atmosphere or otherwisc
flow freely. This provides the minimum damping resistance (i.e., minimum amount of drag or
"frec” movement) to piston 26 and user object 18 in the described cmbodiment. For cxample, if a
gas such as air is being used as a fluid. then open port 44 can vent the__"eas to the aumosphere;
damper assembly 12 would thus be an "open-loop" system. A suitable on-off valve suitable for
use in the present invention is the Minimatic Valve available from Clippard of Cincinnad, OH.

The fluid flow through orifice 34 can thus be controlied by adjustng the size of orifice 34
or the size of a passage connected to orifice 34. In the current embodiment, this is accomplished
by conuolling a valve t select unc of lwultiple pruvided purts, where cach pait has an orifice of a
different size. As described below, multiple valves can be used to provide a greater variety ot
different fluid flows through orifice 34. -

In an altemate embodiment, a servo valve can be used to providc a desircd fluid flow.
Such a valve receives an analog voltage signal for incrementally controlling the size of the valve's
passageway based on the analog voltage, thus allowing fluid flow to be controlled to a finer
resolution than when using on-off valves. A suitable servo valve for use in the present invention is
QBI availabie tfrom Praportion Air of McCordsville, IN.
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Passive dampers, such as danper assembly 12, can provide realistc force feedback to a
user operating an interface apparatus in a simulated environment. Passive dampers itpuse a
resistance to the rwotivn of an object 18 manipulated by the user. Thus, a user who manipulates an
interface having passive dampers will feel forces only when he or she sctually uioves an object of

the interfacce.

Passive dampcrs/octuators 12 provide several advantages when compared to active
actuators. Passive dampers are much less expensive and complex than active actuators. For
cxample, o substantially lower current is required to drive passive dampers than active actuators.
This allows a less expensive puwer supply to drive a passive damper system, and also allows a
force feedback mechanism to be smaller and more lightweight due to the smaller power supply.
Alsu, iu e active pneumatic and hydraulic devices of the prior art, a supply of pressurized air
must be regulated to provide active forces. requiring more complea und expensive components and
controllers.

In addition, passive dampers require substantially slower ‘contral signals to operate
effectively in a simulation environment than do aclive dmnpers such as motors. This is significant
if the controller of an interface mechanism is a computer system that includes only a standard. low-
speed input/output port, such as a serial port. Scrial ports are quitc common to personal commputers
but do not communicate quickly enough to perform real-time, stable contol of most active
actuators. When an interface controller with slower control signals is used, passive dampers can

_ provide stable force feedback 1o the user.  Another advanwge uf passive dampers is that they do

not generate forces on the interface and the user and are thus more safe tar the user. A user will
not experience uncapested and possibly injurious forces from the intcrface object 18, since the user
is inputting all the energy into the system and providing all the active forces.

The. tluid dampers of the present invention (i.e.. pneumatc and/or hydraulic) provide even
gicatcr advantages to a low-cost, safe force feedback interface than do other types of passive
actuators or dampers. Since the resistance applied to the uscr object 18 is provided by the flow of
a fluid, only valves or other devices for controlling the size of arifices are needed to change the
resistance [elt by e user. This allows simple solenoids and other low-powcer components to be
used to control the valves, insiead of more complex componenis used in other passive and actve
actuators. In a damping system, signals are output by a controlling computer to control a valve or
change the size of an orifice only when a change in resisdve foree vecurs, ullowing real-tune stable
control of force feedback even for very slow electronics systems and input/output ports. In
additiun, Uic pistun assemblies arc very low cost and safer comparcd to other passive actuator

devices.
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Sensor 14 is canpled to object 18 in the described embudiment und seases the position of
the objcct in 8 degree of freedom. The object 18 in the embodiment of Figure 1a is provided with
only a single linear degree of freedom such that sensor 14 senses the position of the object in that
single degree of freedom. A sliding member 46 is coupled to piston rod 28 or to object 18 and
moves through scusor 14, which in the embodiment of Figure la can be a linear pot, linear digital
encoder, LVDT , or similar device for sensing an object's posidon in a linear degree of freedom.
For example, part numbcr 0243-0000 available from Transtek of Ellington, CT can be used. In
alternate emhodiments, sensor 14 can be used to detect rotary motion of vbject 18, as described i
greater detail below with reference to Figure 4a. Sensor 14 is coupled to computer system 16 by a
bus 50. which carries electrical sigmals tiut are representative of the position of object 18 along the
prévidcd degree of freedom from sensor 14 to computer system 16.

Valve 22 is preferably controlle& by a digital processing system ar other electrical system.
Pn:ﬁ:rably, the digital processing systcm is a computer systcm 16, which can include a computer
apparatus 52 and a display screen 54. Numerous other peripherals and interface devices can be
coupled to computer system 16 as well. Computer system 16 is coupled to valve 22 by bus 56 and
provides electical signals to the valve to contrul Uic valve. For example, when using the on-off
valve described aboile, a solenoid can be coupled fo the vaive tn cause the valve to open or close
when specific electrical signals are applicd to the solenoid, as is well known to those skilled the art.
(‘omputer apparatus 52 can include an interface to provide the signals to a solenoid; examples of
such an interface circuit are described below with reference to Figures 12 and 13. Alternatly,
computer apparatus 32 can provide an analog voltage signal 1o contrul @ servo valve, as described
above and with reference to Figure 13.

Display 54 can be used to display a virtual reality environment for the user to view.
Display 54 can be a standard display screca or CRT, 3-D goggles, or any other visual interfacc.
For example, the user ahject 1% can control a compu!zr;gencmmd object diéplayed on a two-
dimensional scrccn; such as a picture of a instrument, a joystick, a cursor, etc. The user can
interact with the simulation by viewing the screen. The computer system 16 receives input from
sensor 14 to influence the position and movement of computer-generated objects that are controlled
Uy object 18, and the computer system 16 outputs signals to damper assembly 12 when computer-
generated ohjects interact or a haptic effect is to be transmitted to the user. For example, if a user-
controlled object displayed on display 54 collides with a "wall" in the simulation, that collision can
be viewed on the screen and appropriate force feedback can be applied to user object 18 as well.

User object 18 is preferably grasped or otherwise contolled by a user. By “grasp”, it is
meant that users may releasably engage a grip portion of the object in some fashion, such as by
hand, with their fingertips, or cven orally in the casc of bandicapped persons. In the described
embodiment. object 18 is a handle, such as a control handle on a joystick for manipulating the
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movement of computer-controlled objects or a steering Wheel. paim grip. eic. Computer apparatus
2 can display objects on display screen S4 and the user can interface with the objects by maving
the handle to affect the view displayed, the position of a displayed object, the vicw of an object,
etc. Other types of objects are also shitable. for the present invention. such as a pool cue. a stylus,
a juystick, a steering wheel, a knob, a grip, a medical instument (laparoscope, catheter, etc.), and

SO on.

Additional mechanical apparatuses can be coupled between transducer system 10 and user
object 18 to providc additional stability to the motion of object 18. Also, mechanical apparatuses
can add additional degrees of freedom to object 18. In such an embudinent, cachi pruvided degree
of freedom preferably includes its own transducer system 10.

Figure 1b is a schematic illustration of an alternate embodiment 10' of the transducer
system shown In Figure la. Sysiem 10" is mure applicable fur fluids such as liquids and gases
other than air. System 10’ includes a damper assembly 12", sensor 14, and nser object 1¥ for
imterfacing with computer system 16.  Sensor 14, computer system 16, and user object 18 are
substantially similar to the corresponding components of system 10 as described with reference ©
Figurc la.

Dampcr assembly 12" includes o piston assembly 20' and a valve 22'. Piston assembly 20’
Includes cylinder 24", piston 26, piston rod 28a, piston rod 28b, urifice 27, and uvrifice 29. The
piston 26 and piston rod 28a operate substantially the same as described with reference to Figure
la. Piston rod 28b is additionally coupled to the opposite side of piston 26 from rod 28a and
extends through an aperture 32h in cylinder 24'. Rod 28h is provided to balance the volumne of
fluid 39 on both sides of piston 26 within cylinder 24' and thus allow an equal damping resistance
to be provided to object 18 in both directions along axis 36. Since systern 10° typically is used for
closed systems in which a fluid is not desired to escape from cylinder 24, seals 41 are preferably
provided between apertures 32a and 32b and the piston rods 28a and 28b, réspcctivcly, to prevent
any tluid leakages through apertures 32a and 32b.

Cylinder 24" includes two orifices 27 and 29 instead of the single orifice 34 of Figure la.
Orifice 27 leads to duct 31, which extends from cylinder 24' to valve 22'. Duct 31 is preferably
coupled o a first port of valve 22°. Similarly, orifice 29 leads o duct 33. which extends from
cylinder 24' to the second port of valve 22". Orifices 27 and 29 are arranged such that one of the
urifices is ucar ouc cnd of cylinder 24", and the other orifice is positioned ncar the opposite end of
the cylinder. The space hetween the cylinders is the allowed movement range for piston 26 along
the lincar degree of freedom indicated by axis 36, as explained below,
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. Damper assembly 12' functions as a closcd loop system, i.c., a fluid is allowed to flaw in a
closed loop. When piston 26 is moved by the user in a direction indicated by arrow 35, fluid 39
can flow from the interior of cylinder 24" at the “front" of the cylinder, through orifice 27, through
valve 22' (when the valve is apen), and into the interior at the "back” of the cylinder through
orifice 29. Likewise, when piston 26 is moved in a direction opposite to that of arrow 35, fluid 39
moves frmm the interior of cylinder 24', through urifice 29, through valve 22', through orifice 27,
and back into the cylinder 24'. The piston is thus “double acting” in that fluid on both sides of the

piston is caused to flow wheu the piston is moved.

Valve 22' is can be conuolled by computer system 16 to alter the amount of fluid flowing
through the valve. Computer system 16 can send signals over bus 56. as described in Figure la,
10 adjust the sizc of an orifice in valve 22' by preferably controlling a solenoid or other
electromechanical device. In one embodiment, valve 22" is an vn-off valve having two states: full
fluid flow (open) and substantially no fluid flow (closed). In the open valve state, fluid is allowed
to freely flow from duct 31 w duct 33 or vice-versa. In the closed valve state, the passage between
the ducts is blocked, allowing no fluid flow. Thus, piston 26 and handle 18 can be moved i the
provided degree of fieedom if the computer system controls valve 22' to open, and the
piston/handle are provided with maximum damping resistance when valve 22' is closed.

As described with reference to Figure 1a, valve 22' can also be implemented as a servo
valve that can more finely control the size of its orifice. An apnalog voltage signal (or sampled
digital signal) can be applied by computer system 16 for incrementally controlling the cross-
scctional size of the valve's passageway/orifice based on the voltage, thus allowing fluid flow to be
controlled to a finer resolutiva than when using on-off valves.

The clused-lovp embodiment of Figure 1b is cspecially suitable for hydraulic dampers in
which fluid 39 is a liquid (including an electrorheological liquid, as described below in Figure 1¢),
as well as dampers in which fluid 39 is a gos other than air. In such damper 'systemvs. the fluid 39
is normally provided in & closed system so that the fluid does not continually have to be replaced

with new fluid from a fluid source.

Figure lc is a schematic illustration of an altemare embodiment 10" of the transducer
systern showun i Figure 1b. System 10" includcs a damper assembly 12", sensor 14, and user
object 18 for interfacing with computer system 16. Sensor 14, computer system 16. and user
object 18 arc substantially similar to the corresponding components of system 10 as described with
reterence to Figures la and 1b.

Damper assembly 12" includes a piston assembly 20". Piston assciubly 20" includes
cylinder 21", piston 26, and piston rod 28. Cylinder 24" is pmvided with one aperture 32,
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which is closed to fluid leakage by seals 41. No valve is included in damper assembly 12", for
reasons described below. Piston 26 is preferably provided with at least onc aperture 43. A fluid
39' flows through the aperture(s) 43 when piston 26' is moved along axis 36. as indicated by
ariows 45. Apcrtures 43 can have o rectangular, circular, or other cross-sectional shape. Each
aperture preferably includes electrodes 47, as described below wilh reference to Figure 1d. Wires
49 couplcd to the electrodes can be routed from piston 26, along (or inside) piston rod 28, and our

to computer system 16.

Damper assembly 12 is a closed system, and is therefore appropriate for non-air fluids
such as liquids. Preferably, the transducer system 10" of Figure lc can control the damping
resistance provided (o Uic tuotion of user object 18 without changing the size of apertures 43.
Instead, the flow of the fluid can be controlled hy changing the properties of the fluid ltself. More
specifically, fluid 39" provided within cylinder 24" is preferably an “electrorheological fluid",
which is 2 fluid that has a viscogity that can be changed electronically. If an electric field is applicd
to an clectrorhcological fluid, the viscosity of the fluid can be changed. By changing the viscosity
of fluid 39°. the fluid will flow at a different rale through apertures 43 when the piston 26" is
moved by the user, thus allowing the damping resistance tn user object 18 to be controlled.
Elecuorheological fluids arc well known to thosc skilled in the art. For example, these fluids are
described by W. Winglow in U.S. Patent 2,417.850 and U.S. Patent 3.047.507.

Figure 1d is a side view along line 1d-1d of Figure Ic and shows an example of using
apertures and electric ficlds to control the viscosity of an electrorheological fluid. Piston 26' can
include a single aperture or multple apertures 43a. 43b, 43c, and 43d. Elccuud;:s 47 are
positioned within each aperture 43a-d. Computer system 16 can be coupled to electrodes 47 by
buses 49 wnd send un analug or digital voltage to the clectrodes to appl} an clectric ficld to the
apertures 43a-d. The electric tield, in tum, raises the viscosity of fluid 39' flowing through the
aperturcs 43. This will increase the damping resistance applied to user object 18 in an on-off type
of resistance. similar t on-off valves described above. In addition, e cutuputer systcu can vary
the voltage applied to electrodes 47 to vary the viscosity of the fluid through an aperture 43 to a
desired degree, similar (o the scrvu valve described above.

The multiple apertures 43a-d can be provided in piston 26’ to dampen the motion of object
18 in discrete magnitudes. For example, an electric field can be applied to small aperture 43a (o
causc only the fluid flowing through aperture 43a to raise its viscosity. An electric field can also be
applied to large aperture 43d to raise the viscosity of the fluid only flowing tuvugh apenure 43d.
Since aperture 43d is larger than aperture 43a, more fluid can flow with the same electric tield
applicd, su tiat Wic uscr will feel a lesser damping resistance when the electric ficld is applicd to
aperture 43d. Various apertures 43a-d and various voitage levels can be used 1o greaudy vary the
damping resistance to object 18.
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{t should be noted that no external ducts ur ullier orifices arc required for the system 10" of
Figure lc. However, electrorheological fluids can also he used in the embodiment of Figure 1b
with ducts 31 and 33. Elcctrodes can be used within valve 22' or in place of valve 22' to control
the viscosity of the fluid and thus control tluid flow.

In ap altematie embodiment, the apartures 43a.d in piston 26' can be altered in size. for
example, by using valves similar to valve assembly 22 as described - above or other

electramechanical devices.

Fignre 2 is an illustration of a wansducer system 57 similar to the system 10 sbown in
Figurc la. System 57 includes a damper assembly 59, sensor 14, and user ahject 1X, similar to
system 10, for interfacing with compuler system 16. Scasor 14, computer system 16, and user
object 18 are substantially similar to the corresponding components of system 10 as described with

reference to Figure la.

Duuper assembly 59 includes a piston asscmbly 20 and a valve assembly S58. Piston
assembly 20 is substantially similar to the piston assembly described with reference to Figurc 1a
and includcs cylinder 24, piston 26, ‘piston rod 28, and orifice 34 in cylinder 24. Object 18 is
coupled to piston 26 by piston rod 28 to provide a single lincar degree of freedom to the object.
This degree of freedom is indicated by axis 36. Fluid 38 flows throngh orifice 34 and duct 40 of
cylinder 34 when piston 26 maves in the degree of freedom. :

Valve assembly 58 includes valves 22a, 22b, and 22¢. Thesc valves arc coupled in g series
arrangement sich that all three of the valves can be controlled to channel fluid 38 through a desired
port. In the described example, each valve 22a, 22b, and 22¢ is an on-off valve that guides fluid
38 to one of two ports. Valve 22a is coupled to duct 40 and cither guides fluid 38 to open port 60
or to coupling port 62. Open port 60 provides an orifice of maximum size so that if the tluid i<
guided through port 60, piston 26 moves frecly with the least damping resistance. If open port 60
is not selected, then coupling port 62 is selected, and fluid 38 is channeled to valve 22b.

Valve 22b is coupled to port 62 and guides fluid 38 either through restricted port 64 or to
coupling port 66. Valve 22b is only operative to adjust fluid flow if coupling port 62 of valve 22a
is selected. Restricted port 64 of valve 22b has a smaller, parually-closed orifice than the orifice of
port 60 so that ths flow of fluid 38 through the port is more restricted that the flow through open
port 60. This provides a greater degree of damping resistance to the movement of piston 26 and
thus user object 18. If restricted port 64 is not selected, then coupling port 66 is selected, and tluid
38 is channcled to valve 22¢.

Valve 22¢ is coupled to port 66 and guides fluid 38 cither through restricted port 68 or
allows no fluid flow with closed port 70. Valve 22c is operative 10 adjust (luid flow vnly if
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cdupling port 62 of valve 22a is selected and coupling port 66 of valve 22b is sclected. Restricted
port 68 has o partially closed orifice that has a smaller opening than restricted port 64 of valve 22b.
The flow of fluid 38 through port 68 is thus restricted to a greater degree than the flow through
port 64, so that port 68 causes a greater degree of damping resistance than port 64 to the movement
of piston 26 and user object 18. If closcd port 70 is instead selected with valve 22¢, then the flow
of fluid 3X is completely halted. providing the maximum daruping resistance o the movenent of
piston 26 and object 18. Ideally, piston 26 would not be able to move if closed port 70 were
selected; however. due 10 fluid leakages and fluid compression in the components of the systcm,
piston 26 may have a small (negligible) amount of mnvement when closed port 70 is selected.

Computer system 16 is coupled to valves 22a, 22b, and 22c by buses 72. 74. and 76.
respectively.  As described above with reference to Figure la, computer system 16 can provide
electrical signals to valves 22a, 22b, and 22c to control the selected ports of the valves.
Preferably, a solenoid for cach valve is controlled by computer system 16 to switch between the
two ports of each vaive. In other embodiments, additional valves cun be cuupled in series 1o the
closed port 70 of valve 22¢, for example, to provide additional ports with different orifice sizes.
Fluid flow and thus the damping resistance 10 piston 26 can thus be controlled with greater
resolution. In still other embodiments, a servo valve (as described ahove) can he used for one or
wore of valves 22a, 22b, and 22¢ to provide a variably-sizcd port orifice and thus o higher
resolurion in adjnsting the flow of fluid 3%.

Figure 3a is an illustration of a transducer system 61 similar to the systems 10 and 57
shown in Figures 1a and 2, respectively. Systemn 61 includes a damper assembly 63, sensor 14,
and user object 18 interfaced with computer system 16, sirmilar to system 10. Sensor 14, computer
system 16, and user object 18 are substantially similar to the corresponding’ componants ot system
10 as described with reference to Figure 1a.

Damper assembly 63 includes a piston assembly 20 and a valvc ﬁscmb}y 80. Piswon
assemhly 20) i< substantially similar to the piston assembly described with reference 1o Figures la
and 2 and includes cylinder 24, piston 26, piston rod 28, and orifice 34 in cylinder 24. Object 18
is coupled to piston 26 by piston rod 28 to provide a single linear degree of freedom w the object,
as indicated by axis 36. Fluid 38 flows through orifice 34 and duct 40 of cylinder 34 when piston
26 1noves in e degree of freedom.

Valve assembly 80 includes valves 22a', 22b', and 22¢’. Thesc valves arc coupled in a
parallel arrangement such that all three of the valves can be controlled 10 guide fluid 38 10 a desired
port. This is in contrest to the series arrangement of valves shown ia Figure 2.
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In the described example, fluid 38 flows through duct 40 and through a junction 82.
Junction 82 is a threc-way junction in the described embodiment; generically, junction 82 can be ui
n-way junction, where n is the number of valves being used in valve assembly 80. Junction 82
routcs @ portion of fluid 38 into through valves 22a’, 22b'. and 22¢" duough corresponding
channels 84a. 84b, and 84«, respectively. The size of the portion of fluid 38 that flows thmugh
each channel 82 is dependent on the amount of fluid flow allowed Uuough cach valve, as described

below.

Valves 22a', 22b', and 22¢' are shown as on-off valves that guides fluid 38 to one of two
ports on each vaive. Valve 22a' is coupled to channel 84a and cither guides fluid 38 to open port
86 or stops fluid flow with closed port 88. Open port 86 has an orifice of maximum slze so that if
the tluid is guided through port 86, and the other valves 22b and 22¢’ are closed, piston 26 moves
freely with the least damping resistance. Otherwise, if valve 222’ is closed (i.c. clused port 88 is

selected), lic fluid 38 docs not flow through valve 22a.’

Valve 22b' is coupled to channcl 84b and either guides fluid 38 through restricted port 90
or stops fluid flow with closed port 92. Restricted port 90 hus & partially-closed orifice, similar to
port 64 of Figure 2, which restricts fluid flow through valve 22b’ o a greater extent than open port
86 restricts fluid flow through valve 22a'. Thus, if fluid is guided through port 90, and valves
223’ and 22b' are closed, a greater damping resistance is generated on the movement of piston 26.
Otherwisc, the fluid does not flow through valve 22b' if closed port 92 is selected.

Valve 22¢' is coupled to channel 84¢ and guides fluid 28 either through restricted port 94 or
staps fluid flow with closed port 96. Restricted purt 94 lias a partialclosed orifice that is smaller
than the orifice of restricted port 90 of valve 22b". Thus, port 94 restricts the flow of fluid 38 1o a
greater extent than port 90. Wlicn valves 222" and 22b' are closcd, port 94 creates a greater
damping resistance on the movement of piston 26. If closed port 96 of valve 22¢” s selected, no

fluid flows through valve 22¢'.

Valves 22a', 22b', and 22¢' can be sct to operute singly or in conjunction with all valves.
When operating singly. a selected valve can be opened while all other valves cunt e closed. This
causes all of the fluid 38 to be routed to the open valve only. Flour flow rates can he selected
using this method (wbere the selected pont is [ully open, restricted, more restricted, or closed).
Alternatively, one or more valves can be opened simultaneously to provide additional flow rates.
A total of eight different flow rates can thus be sclected. For example, valves 222" and 22b' can be
opened while valve 22c" is closed, causing a damping resistance 1o piston 26 huving a uiagnitude
between the magnitudes of resistance generated by open valve 22a' alone and open valve 22b°
alone.
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Computer system 16 preferably controls valves 222, 22b', and 22¢' similarly as described
with respect to Figurc 2. Electrical signals can be output on buses 97, 98, and 99 to control valves
22a’, 22b, and 22c¢’, respectively. Valves 22a', 22b' and 22¢' can each be controlled by a
solcnoid that opens/closes the valve. Computer system 16 also recelves an elecuical scusvr signal
on bus 50 from sensor 14 (o detect the position of object 14 in the provided degree of freedom.

In alternate etubodiments, as described above, additional valves can be included in valve
assembly 80, where a junction having the appropriate number uf chaunels is provided. Also, the
serics wrangement of valves in Figure 2 and the parallel arrangement of valves in Figure'3a can be
combined inta a single embodiment for a greuler variety of sclectable flow rates. In addition, one
or morc of valves 22a', 22b' and 22¢' can be implemented as servo valves that respond w an
analog voltage and vary the size of orifices of the valves with a much higher resolution.

Figure 3b is a schematic illusiration of an altematc cmbodiment 61' of the transducer
systems 10' and 61 shown in Figures 1b and 3a. System 61" is a closed loop system and includes
a damper assembly 63', sensor 14, and uscr object 18 for interfacing with computer system 16.
Sensor 14, computer system 16, and user object 18 are substantially similar to the comresponding

components of system 61 as described with reference to Figures 1a and 3a.

Dampcr asscmbly 63' includes a piston assembly 20° and 2 valve assembly R(y. Piston
assembly 20" includes cylinder 24°. piston 26, piston rod 28a, piston rod 28b, orifice 27, and
orificc 29. The piston 26 and piston rods 28a and 28b operate substantially the same as described
with reference to Figures 1a and 1b and include scals 41 to prevent fluid leekages through
apertures 32a and 32b. Like transducer system 10’ of Figure 1b. cylinder 24’ Includes two
urifices 27 and 29 instcad of a single orifice. Onfice 27 leads to duct 31°, which extends from
cylinder 24" to valve assembly 80, which Inciudes valves 374, 37b, and 37c. Duct 31' is an n-
way junction that is preferably coupled to a first port of n valves 37a, 37b, and 37c. Similarly.
orifice 29 leads to duct 33°, which extends from cylinder 24' to the sccond port of valves 37a,
37b, and 37¢. Orifices 27 and 29 are arranged such that one of the orifices Is near one end of
cylinder 24', and the other orifice is positioned near the opposite end of the cylinder, as described
with reterence to Figure ib.

Damper assembly 12’ functions as a closed loop systcwn as in Figure 1b. When piston 26
is moved by the user in a direction indicated by arrow 35, fluid 34 can flow from the interior of
cylinder 24" at the "frunt” of e cylinder, through orifice 27, through valves 37a, 37b, and/or 37¢
(if the particular valve is open), and intn cylihdcr 24’ through orifice 29. Likewise, when pistun
26 is moved in a direction oppositc to that of arrow 35, fluid 39 moves from the interior of eylinder
24°, through orifice 29, through valves 37a. 37b, and 37c, through orifice 27, and back into the
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cylinder 24'. As described with reference to Figure 1b. the closed loup system of Figure 3b is
1ost suitable for damping systems using fluids other than air.

Valves 37a, 37b and 37c¢ of valve assembly 80’ can be controlled by compnter system 16 to
alter the amount of fluid flowing through each of the valves. Computer system 16 can send signals
uver buses 97, 98, and 99, to adjust the size of an orifice in valves 37a, 37b, and 37c,
respectively. Tn an embodiment where the valves are on-off valves, each valve 37a, 37b, and 37¢
can be provided with a differently-sized orifice. The amount of fluid flow can thus be conuolled
similarly as described with reference Figurc 3a by opening valves 37a, 37b, and 37¢ singly or in
conjunction to provide eight different possible flow rates. In other embodimicnts, servo valves can
Ue used as described above to provide a much greater selection of flow rates. In yet ather
embodiments, more valves 37 can be added (o.providc additvnal flow rates.

In an alternate emhndiment. a electrological fluid 39" as described with reference to Figure
lc can be provided within cylinder 24°. Electrodes can be included in. valves 37a-c (or in place of
valves 37a-¢) to allow computcer sysicm 16 to contro] the viscosity of the fluid 39 and thus the
damping resistance to the movement of ahject 18. '

Figure 4a is a schematic illustration of an interface system 100 in which two degrees of
frecdomn are provided to user object 18. Two transducer systems 10a and 10b as shown in Figure
12 are included to provide two linear degrees of freedom to the object. Transducer system: 10a
includes a dampcr asscmbly 12e and a sensor 143, and transducer system 10b includes a damper
assembly 12b and a sensor 14b. A computer sysiem 16 (not shown) is preferably coupled to the
transducer systems 103 and 10b as shown in Figure 1a.

As in Figure la, each damper assembly 12a and 12h preferably includes a piston assembly
204 and 20b and a valve 22a and 22b. Piston assemblics 12a and 12b and sensors 14a and 14b are
grounded. A piston 26a and 26h moves along a linear degree of freedom. indicated by arrows 36
and 37, rcspectively, within cylinders 24a and 24b, respectively. Valves 223 and 22b are
preferably controlled by compuizr system 16 0 chaoge the dwuping resistance to the motion of
piston 26a and 26b, respectively.

A first end of piston rod 28a is coupled to piston 263, and a second end of pistan rod 28a is
coupled w & [inst end of joint member 101a. A rotary joint 102a couples the piston rod 28a to joint
member 101a that allows joint member 1014 to rotate about floating axis Z], as described below.
A sccond end of joint member 101a is rotatably coupled to a second end of joint member 101b by a
rotary joint 103. User object 18 is preferably coupled to joint member 101b (or 1014a). ‘

Piston assembly 20b has equivalent components 0 piston assembly 20a.  Piston 26b is
coupled to piston rod 28b, which is rotatably coupled to a first end of joint memher 1018 by a
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rotary joint 102b. Joint member 101b can thus rotate ahout floating axis Z2. The second end of

joint member 101b is rotatably coupled to the second cnd of joint member 1012 by a rotary joint
103, which provides an axis of rotation Z3.

Object 18 can be moved by a user along linear axis 36 or finear axis 37. When object 18 is
moved along axis 36 toward or away from valve 22a, then piston 26a, piston rod 28a, and joint
member 1012 are correspondingly moved toward or away from valve 22a und retain the same
relutive position as shown in Figurc 4a. However, joint member 101b rotates about floating axis
Z7 and floating axis Z3 in avcourdance with the movement of joint member 101a. Likewise, when
object 18 is moved along axis 37 toward or away from valve 22b, then piston 26h, piston rod 28b,

and joint member 101D are correspondingly moved toward or away from valve 22b and retain the
positions as shown in Figure 4a. Joint member 101a rotates about flvating axcs Zj and Z3 in

accordance with the movement of joint member 101b.  When object 18 is moved simultaneously
along both axis 36 and 37 (e.g., object 18 is moved diagonally). then both joint members 101a and
101b rotate about their respective axes.

Figure 4b is a perspective vicw of the interface system 100 of Figure 4a. Piston rods 28a
and 28b and joint members 1(}1a and 101b are preferably rectilinear members that nay be rotatably
coupled to cach other-at flat surfaces of the members with rotary couplings or hinges 102a, 102b,
and 103. In the described embodiment, vue joint member 101a is coupled under piston rod 28a
and the other joint member 101b is coupled over piston rod 28b. Alternatively, the piston rods and
Jjoint members can be coupled together in many different configurations. Object 18 can be many
types of ohjects, and is shown as a joystick in Flgure 4b that is coupled w julnt member 101b.
Sensors 14a and 14b are preferably coupled to joint members 1012 and 101b, respectively, but are
not shown in Figure 4b. .

Figure 52 is a schematic diagram of an alteiuate embodiment 100" of the intcrface system
100 shown in Figure 4a using transducer system 10 of Figure 1a. In Figure Sa, two transducer
syslcus 10a and 10b as shown in Figure 1a arc included to provide two linear degrees of freedom
10 object 18. Transducer system [0a includes a damper assembly 12a and a seasor 14as, uud
transducer system 10b includcs a damper assembly 12b and a sensor 14b. A computer system 16
(nat shown) is preferably coupled to the transducer systems 10a and 10b as shown in Figure la.

As in Figure 4a, each damper assembly 12a and 12b of Figurc 5a preferably includes a
piston assembly 20a and 20b and a valve 22a and 22b. Piston assemblies 12a and 12b and sensors
142 and 14b are grounded. A piston 262 and 26b moves along a lincar degree of freedom,
indicated by arrows 36 and 37, respectively, within cylinders 24a and 24b, respectively. Valves
22a and 22b arc preferably controlled by computer system 16 to change the damping resistance to
the rmotion of piston 26a and 26b, respectively. '
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Pis;nn rod 1043 is a flexible member, profcrably made of a resilicnt material such as
flexiblc plastic, rubber, metal, or the like. As shown below in Figure 5d. piston rods 104a and
104b are preferably narrow in tic dimension that the rod is to flex, and wide in the dimensions in
which the rod is to remain rigid. A rigid member 107a couples piston rod 104a to piston 20a.
Rigid member 107a provides a rigid surfacc to couple sliding member 46a of sensor 142 to the
piston 26a. In other embodiments, sensor 14a can be placed in other positivus without having to
use sliding member 46a (such as inside cylinder 24a), thus permitting rigid member 10)7a to have a
shorter length. Piston rod 104a is rigidly coupled tu an object member 105 at the other end of the
piston rod. Member 105 can be 2 part of object 18 or a platform or other base for supporting
object 18.

Damper assemubly 12b is coupled to objcct 18 in a similar manner. Flexible piston rod
104b is coupled to piston 26h hy rigid member 107b, and sliding member 46b of sensor 14b is
coupled to rigid member 107b." Flexible piston rod 28b is coupled to object member 105 at its

other end.

Ohject 18 can be moved by a user along lincur uxis 36 or linear axis 37. Piston rods 28a
and 28b flex appropriately as the object is moved, as shown below in Figures Sb and Sc.

Figure Sb shows the movement of object 18 in a single linear degree of freedom using
interface system 100', Object 18 and member 105 are moved in the direction of arrow 93. Piston
rod 104b does not flex since the direction of movement is directed down (substantially parallel iv)
the longitudinal axis of the piston rod. However, since piston assembly 20a is grounded and fixed
in place, piston rod 28a bends as shown in Figure 5b. Tlis occwrs when the direction of
movement of object 18 is substantially perpendicular to the langitudinal axis of piston rod 28a. i.e.
when object 18 is moved in the lincar degree of freedom indicated by arrow 37 in Figure Sa.

Figure 5¢ shuws Wic uiovement of object 18 in the other lincar degree of freedom using
interface system 100°. Object 18 and memher 105 are moved in the direction of arrow 95,
Similarly as described in Figurc Sb, piston rod 104a does not flex since the direction of movement
is directed suhstantially parallel to the longitudinal axis of piston rod 104a. Piston rod 28a,
howcver, bends as shown when the direction of movement of object 18 i§ substantiatly
perpendicular to the longitudinal axis of piston rud 28b, i.c. when object 18 is moved in the lincar
degree of freedom indicated by arrow 36 in Figure Sa.

When object 18 is moved simultanecusly along both axis 36 and 37 (e.g.. object 18 is
muved diagounally, then both piston rods 28a and 28b flez in conjunction with the movement.

Fixurc 54 is a peispective view of the interface system 100" of Figurc 5a. Piston rods 28a
and 28b and rigid members 107a and 107b can be rectilinear members or have cross sections of
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other shape.;. Preterably, piston rods 1042 and 104b are narrow in the dimension in which the rod
is to flex when object 18 is moved, and wide in the dimensions in which the rod is to remain rigid.
For example. piston rod 104a has a relatively small width in the dimension of axis 37, since rod
101a flexes in that dimension. Correspondingly, rod 104a has a realtively large width in the
dimension of axis 36 and in the dimension of axis Z, sincc rod 104a preferably does not flex in
those dimensions. Piston rods 1042 and 104bb are rigidly coupled to member 105 ar one end.
Objcct 18 is shown.as n joystick in Figure 5d that is coupled to object member 105. Sensors 14a
and 14b are preferably coupled to rigid members 107a and 107b, respectively, but are not shown
in Figure Sd.

Figure Se is a perspective view of interface system 100’ of Figure Sa in which a stylus-
receiving user object 18 is provided. Thic interface system of Figurc Sc functions as described with
reference to Figures 5a-5d. However, user object 1R is implemented as a stylus-receiving object
111, which is preferably a flat, small objcct that includes a stylus aperture 111a. As shown in
Figure 5, a stylus 115 or a similar pointed article can be inserted into apermure 1112 by a user. The
uscr can then move the stylus 115 along a provided degree of freedom indicated by arrows 119,
which causes object 111 to accordingly move in the same direction. Alternutively, stylus 115 can
be permanently coupled to object 111.

The embodiment of Figure Se can be used in a writing interface where the user uses the
interface to write words ioput to 2 computer system, or in a pointing intcrfacc to dircct and move
computer-implemented objects. "The object 111 alone can be considared the "user object” 18 in this
cmbodiment. Altcrnatively, both stylus 115 and object 111 can collectively be considered user
object 18. particularly in embodiments where stylus 115 is permarenuy fixed to object 111.

Figure 5g 1s a perspecuve view of Interface system 100° of Figure Sa In which a finger-
receiving user object 18 is provided. The interface system of Figure Sg functions as described
with reference to Figures 5a-5d. In this embodiment, user object 18 is implemented as a finges-
receiving object 113, which includes a divot 113a. As shown in Figure Sh, a user may insert his
or her finger into divot 113a and thereby move object 113 in the provided degrocs of frecdom as
indicated by arrows 119. Divot 113a allows the user's finger to cling to the object 113 when the
user's finger is moved. In other embodiments, features other than or in addition to divot 113a can
be pruvided on finger-receiving object 113 0 allow the user's finger w cling 1o the object. For
example, one or more bumps, apertures, or other projections can be provided. Also, other digits
or appendages of the user can be received, such as a user's entire hand, foot, etc. The interface of
Figure 5g can be used to allow the user to move. point to. or otherwise manipulate computer
generated objects in an easy, natural fashion.
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Figure 6a is a schematic illustration of a trunsducer system 106 sensing a rotary degree of
frccdom of an object and providing a passive damping resistance to the motion of the object. As
shown in Figure 4a. interface systein 106 is applied to a mechanism having one degree of freedom,
as shown by arrows 107. Embodiments in which system 106 is applied to systems having
additional degrees of frecduw are described subscquently. Transducer system 106 includes a
passive damper assembly 108, a sensor 110, and an optional play mechanism 114. A cowputer
systein (not shown) is prefcrably coupled to the transducer system 106 similar to the embodiments

shown 1n Figures 1-3.

Damper assemnly 08 transmits a resisdve force (ic., diag) to an object 18 and includes a
piston asscmbly 116, o valve 118, and a rotating member 120. Piston assembly 116 includes a
cylinder 22, a piston 124, and a piston rod 126. Piston 124 moves along a linear degree of
freedom within an interior of cylinder 122, as indicated by axis 128. Cylinder 122 s grounded,
as shown by syimbol 123. A fluid flows through an orifice 130 at the far end of cylinder 122 when
piston 124 is moved within the cylinder. Valve 118 controls the fluid flow by sclecting oae of
multiple ports 132 which provide orifice openings of varying widths. The movement of piston
124 can thus be influenced by a damping resistance related to the amount of fluid flow allowed
through valve 118. Additional valves can be coupled to valve 118 in series or in parallel. as
described above, to provide additional amounts of damping resistance to the movement of piston
124. Piston assembly 116 and valve 118 can thus be implemented as described sbove in any of the
provious cmbodiments of Figures 1a, 1b, 2, 3a, or 3b. In addition, piston assembly 116 can he
implemnented using electrorheological fluids us described above with reference to Figure le.

Rotating member 120 is coupled to piston 124 by piston rod 126. In thc described
embodiment, piston rod 126 is coupled to piston 124 hy a hall joint 134 at one end of the piston
rod. Similarly, piston rod 126 is coupled to rotating mcraber 120 by another ball joint 136 at the
other end of the piston rad. The ball joints 134 and 136 allows the piston rod (o move al an angle
with respect to the surfaces to which it is attached, thus permitting rotational movement of rotating
member 120 1o be converted into the linear movement of piswn 124, as deonstated in Figurc 4b.
Other types of connections can also be provided to rotatably caonnect the piston to the rotatable

mieber, as is well known to those skilled in the art.

Rotating micwber 120 is rigidly coupled to a main shaft 140 which cxtends from rotating
member 120 to sensor 110. Rotating member 120 and main shaft 140 can be rotated about an axis
A. Damper asscmbly 108 provides a rotational damping resistance or frictional foroe (i.e. drag) on
main shaft 140 in the provided rotary degree of freedom. shown by amrows 107. Damper
assernbly 108 is thus passive and cannot provide an active force to shaft -140 (i.e., damper

assembly 108 cannot input cnérgy into the systcin tu cause shaflt 140 1o rotate). Thus, an external
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rorarional force, such as a force generated by a user. is applied to shaft 140, and passxve damper
assembly 108 provides a damping resistance to that external rotational force.

Sensor 110 is preferably rigidly coupled to shaft 114 and senses bi-directional rotary
motion of muin shafl 114 about axis A. Scnsor 110 preferably provides a clectrical signal
indicating the rotational position of shatt 114 and is preferably grounded as indicated by symbol
142. In the described embodiment, scnsor 110 is a digital optical cncoder which provide signals to
measure the angular rotation of a shaft of the sensor. In alternate embodiments, sensor 110 can be
separated from object 18 and shaft 114. For cxample, a sensor having an emitter and detector of
electromagnetic energy might be disconnected from the rest of transducer system 106 yet be able t0
detect the rotational position of object 18 using 2 beam of elecromaguetic energy, such as infrared
light. Similarly, a magnetic sensor could detcel the pusiton uf object 18 while being uncoupled to
shaft 114 or object 18. The operatinn of snch sensars are well-known to those skilled in the art. A
suitable sensor for the transducer system 106 is opucal encoder model EZ marketed by U.S.
Digital of Vancouver, Washington.

Sensor 1 11) has 2 sensing resolution, which is the smallest change in rotational position of
coupling shaft 114 that the sensor can dstect. For example, an optical encoder of the described
cmbodiment may be able 1o detect on.the order of about 3600 equally-spaced “pulses” (described
below) per revolution of shaft 114, which is about 10 detected pulses per degree of rotational
movement. Thus, the sensing resolution of this sensor is about 1/10 degrec in this cxample. In an
alternate emhodiment described helow, it is desired to detect the desired play between damnper
assembly 108 and object 18, and this desired play should not be less than the sensing resolution of
sensor 110 (e.g., 1/10 degree). Preferably. the desired play between damper and object would be
at least 1/5 degree in this example, since the encoder could then detect two pulses of movement,
which would provide a mwie eliable weasurememt and allow tie disectiva of te movewent w be
more. easily determined.

Object 18 is ngidly coupled to main shati 114. Objert 18 can take a vanety of farms, as
described in previous embodiments, and can be directly coupled to main shaft 114 or can be
coupled through other intermediate members to shaft 114 . As object 18 is rotated about axis A.
shaft 114 is also rotated about axis A and sensor 110 detects the magnitude and direction of the
rotation of object 18.

In an aliernate embodiment, « coupling 114 for intruducing & desired waout of "play" can
be included in interface 106, preferably positioned between the sensor 110 and the damper
assembly 108. In this embodiment, main shaft 140 extends from sensor 110 to coupling 114, and
a separate damper shaft 144 extends from coupling 114 to rotating member 120. Coupling 114 is
ngidly coupled to main shaft 140 and non-rigidly coupled to damper shaft 144, Coupling 114 can
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be considered to be part of damper assembly 108 (i.e.. 2 "braking mechanism”). Rotating member
120 js rigidly coupled to damper shaft 114.

Coupling 114 is not rigidly coupled to damper shaft 144 and thus allows an amount
(magnimde) of “play” hetween damper shaft 144 and coupling 114. The term “play,” as used
herein, refers to an amount of free movement or "looseness” hetween a transducer and the object
transduced. so that. for instance, tic object can be moved a short distance by externally-applied
forces without being affected by forces applied. to the object by a damper. In the preferred
embodiment, the user can move object 18 a short distance without fighting the drag induced by
passive damper assembly 108. For example. damper assembly 108 can apply a damping
resistance to damper shaft 144 so that damper shaft 144 is locked in place, even when farce is
applied to the shaft. Coupling 114 and main shaft 140, however, can still be frecly rotated by an
odditional distance in either rotational direction due to the play hetween coupling 114 and shaft
144. This play is intentonal in Uds embodiment for purposcs that will be described below, and is
thus referred to as a "desired” amount of play. Once coupling 114 ‘is rotaed 1o the limit of tic
allowed play, it cither forces shaft 144 to rotate with it further; or, if damper assembly 108 is
halding (i.e.. locking) shaft 144. the coupling cannot be further rotated in that rotational direction.
The amount of desired play between damper assembly 108.and object 1R greatly depends on the
resolution of the sensor 110 beiug used, and is described in greater detail below. Examples of
types of play include rotary backlash, such a< occurs in gear systems as described in the above
cmbodiments; and compliance or torsion flex, which can occur with flexible, rotational and non-
rotational members. An embodiment including backlash is described in greater detail below with
reference to Figure 4c. Coupling 114 and/os shaft 144 can be considered a "pléy mechanism" for
providing the desired play between damper assembly 108 and object 18. . Object 18 can also be
coupled directly ta coupling 114.  Alternatively. sensor 110 can be posiiioned between coupling
114 and objcct 18 on main shaft 140. Shaft 140 would extsnd through sensor 110 and can be
ngidly coupled to object 18 at the end of the shaft.

In this alternate embocliment including coupling 114. sensor 110 should be us rigidly
coupled to main shaft 140 as possible 5o that the sensor can detect the desired play berween shaft
144 and object 18. Any play between seasor 110 and object 18 should be minimized so that such
play does not adversely affect the sensor's measurements. ‘lypically, any inherent play between
sensor 110 and object 18 should be less than the scnsing resolution of the sensor, and preferably at
least an arder of magnitude less than the sensing resolution. Thus, in the example above. the play
berween scasor and object should be' less than 1/10 degree and preferably. less than 1/100 degree.
Use of steel or other rigid materials for shaft 114 and other components, which is preferred, can
allow the play between sensor 110 and object 18 to be made practically negligible for purposes of
the present invention. As referred to herein, a scnsor that is “rigidly” coupled to a member has a
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play less than the sensing resolution of the sensor (preferably a negligible amount). The play
between Jamper assembly 108 and object 18 is described in greater detail below: A suitable
encoder to he used for sensor 110 is the "Softpot” from U.S. Digital uf Vancouver, Washington.

As stated ahove, coupling 114 is suited for mechanicul systems that include the low-cost
damper asscmbly 108. If a controlling computer system, such as compnter system 16, is 10
provide force feedback to object 18 being held and moved by a user, the computer system should
be able to detect the direction that the user is moving the: ohject even when the damper assembly is
applying maximum [urce (o the object to lock the object in place. However, when using pneumatic
passive dampers of the present invention which do not inherenty allow 4 measurable awount of
play, such detection is difficult. The pneumatic dampers of Figure 42 provide a resistive force or
frietion to motion in both rotational directons about axis A (i.c., bi-directional resistance). Thus,
when foree from a damper prevents movement of an object in one direction, it also prevents
movement in the opposite direction. This typically does not allow the sensors to transduce
movement of the object in the opposite directian, unless the user overpowers the damper by
providing @ greater force than the damper's resistive force. This also aspplies to the linear
movement as shown with respect to Figures 1-3, i.e., linear play can be implemcnicd instead of
rotary play. Compliancc or backlash can be implemented between linearly moving (ie..
translatable) components. For example. sensor 14 can be rigidly coupled to object 18 as shown in
Figure la, but the connection between piston 26 and object 1X can include an amount of play
provided by a small spring, flexible member, etc. Or, a small amount of space can be provided
between interlocked translatahle enmponents to provide play in accordance with thc present

invention.

For example, objcct 18 may be a one-degree-of-freedom joystick"ﬁsed for moving a video
cursor that moves in the direction Indicated by the joystick on u video screen. The user moves the
cursor into a virrual (computer generated) “wall”, which blocks the mation “of the cursor in one
direction. The contrulling computer system also applics force feedback to the joystick by closing
valve 118 to prevent the user from maoving the joystick in the direction of the wall, thus simulutug
the surface of the wall. If scnsor 110 is rigidly coupled to damper shaft 114, a problem occurs if
the user wishes to move the joystuck in the opposite direction to the wall. Since the damper has
locked the joystick in both directions, the computer cannot detect when the vser switches the
joystick's direction unless the user overpuwers the damper. Thus, to the uscr, the cursor feels like
it is “stuck” to the wall. -

Applicant’s introduced ("desired") play berween ahject 1% and damper assernbly 108 solves
tis prublein effectively and inexpensively. The play allows the joystick or other connected object
1n be moved slightly in the opbositc direction even when tie damper applics taxitauti tesistance to
the joystick's movement. The sensor, being rigidly attached to the joystick, is not locked by the
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damper and detects the change jn direcdon. The sensor relays the movement to the computer,
which opens valve 118 to allow the joystick to be moved freely in the opposite direction. Thus the
play mechanism allows "uni-dircctional” resistance to be simulated on the uscr object. If the user
shonld move the cursor into the wall again, the valve would be again be similarly closed. A
mcthod for controlling damper assembly 108 to provide such uni-directional resistance is described

with reference to Figure 16.

In many embodiments- of the present invention. such desired play may not be necessary.
For example, when using pneumatic piston assemblies, there is typically an amount of play that
inherently exists when the valve is closed W duc air Jeakages in the piston cylinder and the
compressibility of air. Thus, the piston will be ahle to be moved a small amount when maximum
damping resistance is applicd. The scnsor 14 or 110 can be rigidly coupled to the object to detect
this play movement. This type and similar types of damper assemblies thus may not need coupling
114 and damper shaft 144 to provide the desired play and uni-directional resistance.

Other devices or mechanisms besides the use of play can be used in other embodiments to
detect the direction of mouon of object 18 while passive dampers are holding the object in place.

" For example, force sensors can be coupled to the object to measure the force applied to the object

by the user along desired degrees of freedom. A force seusor can detect if a user is applying a
force, for example, towards the virmal wall or away from the virtual wall, and the compnter can
activate or dpactiw)nte the passive dampers accordingly. Deliberutely-introduced play between
object and damper is thus not required in such an embodiment. However, such force sensors can
be expensive and bulky, adding to the cost and size of the interface mechanism.

Figure 6b is a schematic diagram of transducer system 106. Object 18 has been moved by
the user about axis A in e directon indicaicd by arrow 146, Accurdingly, shaft 140 und thus
ratating memher 120) rotate. in the same direction, as indicated by arrow 148 This causes piston
124 to move in the dircction of arrow 150. As shown in Figure 6b, ball joints 134 and 136 allow
piston rod 126 to follow the rotational movement of rotating member 120 and cause the linear
movement of piston 124 without any stress or bending of the piston rod.

Figure 6¢c is a side sectional view of damper shaft 144 and coupling 114 taken along linc
6u-6¢ of Figurc 6a as used in the altemate embodiment in which a desired amount of play is
provided berween damper assembly 108 and object 18. In this described embodiment, rotary
backlash is used to providc play between damper assembly 108 and coupling 114. In alterpare
embodirnents, backlash can be provided between damper 108 and coupling 114 using different
components, such as gears, pulleys, etc. Damper shaft 144 is keycd and is rigidly coupled to
damper assembly 108 (rotating member 120). Keyed shaft 144 mates with keyed coupling 114.
‘I'he cross-sectional diameter of keyed damper shaft 144 is preferably smaller than bore 152 of-
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coupling 114, to provide the desired backlash. Keyed shaft 144 extends into keyed bore 152 of
coupling 114. In Figure 6¢c, gap 154 is provided around Uic cnlire perimeter of shaft 144. In
allernate embodiments. gap 154 can be provided only hetween the sides of the keyed portion 156
of shaft 144, as described with reference to Figure 6¢c.

Figure 6d is a side sectional view of keyed damper shaft 144 and coupling 114 tuken along
line 6d-6d of Figure G6¢c. Keyed shaft 144 js shown parially extending intn coupling 114. As
shown in Figure fc, small gap 154 is preferably provided between coupling 114 and shaft 144,
When shaft 144 is rotated, coupling 114 is also rotated after the keyed portion of shaft 144 engages
the keyed portion of bore 152, as descrihed with reference to Figure 6e. Main shaft 140 rotates as
coupling 114 rotates, since it is rigidly attachcd.

Figure 6e is a detniled view of Figure 6¢c showing the keyed purtiuns of shaft 144 and bore
152. Extcuded keyed portion 156 of shaft 152 protrudes into receiving keyed portion 158 of bore
152. In alternate embodiments, an extended keyed portion of coupling 114 can prutrude int a
recciving keyed portion of shaft 144. Gap 154 has a width d which determines how much desired
hacklash (play) is introduced between damper assembly 108 and object 18. (Additional
unintentional backlash or other inherent play can exist between the components of the sysfem due
to compliance of the shafts, etc.) In the described embodiment, in which sensor 110 has o sensing
resolution of about 1/10 degree, d is preferably about 1/1000 inch. Noute that the distance d can
widely vary in ulicroate embodiments. The chosen distance d is preferably made small enough to
prevent the nser from feeling the backlash that exists in the system when handling object 18 and yet
is large enough for the sensor to detect the play (i.c., greater than the sensing resolution of sensor
110) to allow the sensor to inform the computer the direction that the user is moving object 18.
Thus, the distance d is highly dependent on the scnsing resolution of scusor 110. For example. if
a sensing resolution of 1/100 degree Is available. the distance d can be much smaller. The amount
of hacklash that a user can typically feel can depend on the size and shape of object 18; however,
the backlash described above iy not detectable by a user for the majority of possible objects. In
other embodiments, it may be desirable to allow the user to feel the backlash or other play in the
system, and thus a greater distancc d can be implemented.

In the preferred embodiment, distancc d allows rotational wuvement of coupling 114 a
least cqual to the sensing resolution of sensor 110 in either direction, thus allowing a total backlash
of distance of 2d between surfaces 162 and 161 of coupling 114. Altcrnatively, 2 . tal backlash of
distance d between surfaces 162 and 164 can be implemented (half of the shown distance). In
such an embodiment, however, sensor 110 would only be able to detact movement from onc limit
of the backlash to the other limit, and, for examplc, moveuent uf coupling 114 from a center
position (as sliwwn in Figure Cc) would not be detected.
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In the descnbed embodiment, digital encoder sensors 110 are uscd, in which rotational
movement is detected using a number of divisions on a wheel that are rotated past fixed sensors, as
is well known to those skilled in the art. Each division causes a "pulse,”, and the pulses are
countcd to determine the amount (magnitude) of movement. Distance d can be made as large or
larger than the sensing resolution of the encoder so that the magnimde and direction of the
movement within gap 154 can be detected. Alternatively, the resolution of the sensor can be made
gredt enough (i.e., the distance between divisions should be small enough. in a digital encader) 1o
detect movement within gap 154. For example, two or more pulses should be able to be detceted
within distance d to determine the direction of movement of object 18 and coupling 114 using a
digital encoder ar the like. '

When conpling 114 is initially rotated from the position shown in Figure 6e in a direction
indicated by arrow 160 (counterclockwise in Figurc 6¢) as the user moves object 18, the coupling
freely rotates. Coupling 114 can no longer be rotated when the inner surface 162 of keyed portion
158 engages surface 166 of keyed portion 156, Therenfter, external force (such as from the uscr)
in the same directiun will cause cither both coupling 114 and shaft 144 1o rotate in the same
direction, or the external force will be prevented if damper assembly 108 is locking shaft 144 in
place with high resistive foree to prevent any rotational movement of shaft 144.

If the uscr suddenly moves object 18 in the opposite rotatiopal direction after surface 162
has engaged surface 166. coupling 114 can again he rotated freely within gap 154 until surface 164
of bore 152 engages surface 168 of shaft 144, at which point both shaft and coupling arc rotated
(or no rotativn is allowed, as described above). It is the magnitude and direction of the movement
hetween the engagement of the surfaces of keyed portions 156 and 158 which can be detccted by
sensor 110, since sensor 110 is rigidly coublcd' o coupling 114. Sensor 110 can relay the
direction which coupling 114 (and thus object 18) is moving to the cont.rblling computer, and the
computer can deactivate or activate damper asscmbly 108 accordingly. Lven if object 18 is licld in
place by dunper assermbly 108. as when moving into a virtual “wall”, the compiifer can detect the
hacktash movement of object 18 if the user changes the direction of the object and can remove the
damper resistance accordingly. It should be noted tist computer 16 should preferably deactivare
the passive damper (e.g.. open valve 11X) before surface 164 engages surface 168 so that the user
will not fee] any resistance to movernent in the oppositc dircction.

Instead of implementing play as rotary backlash, as described above, torsion flex ur
compliunce can be provided in the shafts 0 provide the desired amount of play. A flexible
coupling 114 can take many possible forms, as is well known to thosc skilled in the art. The
flexible coupling can allow main shaft 140 w rutate independently of damper shaft 144 for a small
distance, then force damper shaft 144 to rotate in the same direction as coupling shaft 140.
Compliance or flex can be provided with spring members and the like. However, fluid resistance
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devices such as pneumatic piston/cylinders may include an amount of inherent compliance, yo that
a flexible coupling may not be needed.

Figure 7 is a schematic Jiagraw of an allermate embodimeqt 106° of ransducer system 106.
Embodiment 106" is similar to system 106 except for the placement of the damper asscmbly 108.
Object 18 is coupled to main shaft 140, which rotates about axis A. Sensor 110 is rigidly coupled
to main shaft 140 and operates as described with respect to Figure 6a. Opposite coupling 170 is
provided at the end of main shaft 140 opposite to scnsor 110 to provide support.

Damper assembly 108 is substantally similar to the damper assembly shown in Figure 6a,
and includes a piston assembly 116 and a valve 118. Piston assembly 116 includes a piston
cylinder 122, a piston 124, and a piston rod 126 coupled to piston 124 at one end. However,
instcad of coupling the other cnd of piswn rod 126 to a rotating member 120, the rad end is
coupled to object 18 with a hal] joint 172 similar to the ball joint 134 shown in Figure 6a. When
object 18 is rotated about axis A, as shown by arrows 107, piston rod 126 and piston 124 are also
moved in a Unear direction along axis 128. “'he finid flow through orifice 130 and valve 118 is
controlled similarly as described with refercncc to Figures 1a and 6a to cause a damping reststance
to the moton uf ubject 18.

Figure 8 is a schematic diagram of a piefcm:d interface system 180 in accordance with the
present invention that provides two or three degrees of freedom to user object 18 and mechanical
input and output. Systcm 180 includes a gimbal mcchunism 182, optional Unear axis member 184,
transducer systems 1062 and 106b, and user object 18.

Gimbal mechanism 182, in the described embodiment, provides support for system 180 on
a grounded surface 186 (schematically shown as part of member 188). Gimbal mechanism 182 is
preferably a five-member linkage that includes a ground member 188, extension members 190a
and 19(1b, and central members 192a and 192b. Ground mcmber 188 is coupled v & base or
surface which provides stability for sysicm 180. Ground member 188 is shown in Figure R as two
separate members coupled together through grounded surface 186. The rmembers of gimbal .
mechanism 182 are rotatably coupled to onc another through the use of bearings or pivots, wherein
extension mewber 1904 is rotatably coupled to ground member 18X and can rotate about an axis B,
central member 192a is rotatably coupled to extension member 190a and can rotate about a floating
axis D, extension member 190D is rutatably coupled to ground member 188 and can rotate about
axis C, central member 192h is rotatably coupled to extension member 190b and can rotate about
floating axis E, and centrul member 192a is rotatably coupled to central member 192b at a canter
point P at the witcrsection of axes D and E. The axes 1) and K are "floating” in the sense that they
are not tixed in one position as are axes B and C. Axcs B and C are substantially ruutually
perpendicular. As uscd hercin, “substantially perpendicular™ will mean that two objects or axis are
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exactly or almost perpendicitlar, j.e. at least within five degrees or ten degrees of perpendicular, or
more preferably within Icss than one degree of perpendicular. Similarly, the term “‘substantially
parallel” will mean that two objects or axis are exactly or almost parallel, ie. are at least within five
or ten degrees of parallel, and arc prefcrably within less than one degree of parallel.

Gimbal mechanism 182 is formed as a five member closed chain. Each end of one member
is coupled to the end of a another member. The five-member linkage is arranged such that
extension member 1903, central member 1920, and central member 192b can be rvtsted about axis

D in a first degree of freedom. The linkage Is also arranged such that exrension member 190b,
central member 192b, and central member 192a can be rotated about axis B in a second degree of

freedom. ’

Also preferably couplcd to gimbal mechanism 182 urc transducer systems 106a and 108h
for uansducing rotary degrees of freedom, including sensors and darupers as described in Figure
6a. Such transducer systems are preferably coupled at the link points between nembers of the
apparatus and provide input to and output from an electrical system, such as computer system 16.
Transducer systens 106a and 106b preferably include damper assemblies 108a and 108b and
sensors 110a and 110b, respoctively. Dunper assemblies 108a and 108h inclide. piston
assemblies 116a and [16b, respectively, and valves [18a and 118b, respectively. Piston
assemblies 116a and 116b each include a cylinder 122, a piston 124, a piston rod 126, and a
rotatable member 120, us described with reference to Figure ia. (imund member 123 of the piston
assemnblies can be the same as ground member 188, or a different ground member. A computer
systern 16 (not shown) is preferably clectrically connected 10 sensors 110 and valves 11X to control
the sensors and dampers with electrical signals, as described in the above transducer cmbodiments.

As described above in Figure 6a, damper assemblies 1082 and 108b are passive dampers
that provide damping resistance to the motion of object 18 in a degree of freedom and sense the
position of object 18'in that degree of freedom.. Transducer system 106a transduces the motion of
object IR in the rotary degree of freedom about axis B (and/or floating axis E), and wansducer
system 106b transduces the motion of ubjcct 18 in the rotary degree of freedom about axis C
(and/or floatng axis D). ‘

User object (8 is coupled to interface system 180. Object 18 can be couplcd to central
member 1923 or 192b, for example, at intcrsection point P. Object 18 is preferably an interface
object fur a user to grasb or otherwise manipulate in three dimensional (3D) space. Suitnble user
objects are described with the transducer systems of Figurcs 1-5. User object 18 1uy be moved in
the two degrees of freedom provided by gimbal mechanism 182. As user ohject 1R is moved about
axis B. floating axis E varies its position, and as user object 18 is moved about axis C, floating
axis F varies its position.
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It should be noted that interface system 180 is only one particular ecnbodiment of a
mechanism for implementing two or more degrees of freedom. The passive transducer systems 10
and 106 of the present invention can be used with a variety of mechanical apparatuscs, such as
slotted yoke joystick mschanisms, other types of gimbal mechauisins, etc., which are well knowp
to thosc skilled in the art. A slotted yoke joystick mechanism is described below with reference to
Figure 11.

In altenate embodiments, user object 18 can be provided with additional degrees of
freedom using the gimbal mcchanism of interface system 180. For example, a linear degree of
freedom can be provided to joystick 18 in Figure 8 by allowing the joystick to be lincarly wvved
along floating axis F as shown in Figure 8. Joystick 18 cun be ganslatably coupled to the ends of

- central members 1902 and 190b. Axis F can be rotated about axes B,C, D, and E as Jjoystick 18 is

rotated about these axes. A transduccr system 10 or 106 can be provided to sense and/or dampen
movement along axis F. Additional degrees of freedom can be provided to objcct 18 as well, for
example, using a floating gimbal mechanismm or other imcchanical apparatus.

Figures 9 and 10 are perspective views of a specific embodiment 202 of interfacs system
180 for providing two degrees of freedom to object 1% and mechanical input and output to a
computer system in accordance with the present invention. Figure 9 shows a front view uf system
202, and Figure 10 shows a rcar view of the system. System 202 includes a gimbal mechanism
182, scnsors 110, damper assemhlies 108, and user object 18. Object 18 is shown in this
embodiment as a joystick handle which can be moved in twu degrees of freedom. Interface system
202 operates in-substantally the same fashion as system 180 described with reference to Figurc 8.

Guubal mechanism 182 provides support for system 202 on a grounded surface 186, such
as a table top or similar surface. The members and joints ("bearings") of gimbal mechanism 182
are preferably madc of a lightweight, rigid, stiff metal, such as aluminum, but can also be made of
other rigid materials such as other metals, plastic, etc. Gimbal mechanism 182 includes a ground
member 188, extension members 190a and 190b, centrul drive member 192a. and central link
member 192b. Ground member 188 includes a base member 204 and vertical support mcmbers
2016. Rase member 204 can be coupled to grounded surface 186 (01 1usy rest on grounded surface
186) and provides two outer vertical surfaces 205 which are in o substantially perpendicular
reladon which each other. A vertical support member 206 is coupled to cach of these oulcr
surfaces of base member 204 such that vertical members 206 are in a similar substantially $0-
degree relativa with each other. ‘

Rotating members 1202 and 120b are each preferably rotatably coupled to a vertcal
member 20A. Member 120a rotates about axis B and member 120b rotates ubuut axis C. Rotating
members 120a and 120b function as described above with reference to Figures 6a and 8.
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Extension member 1903 is rigidly coupled to rotating member 120)a and i< ratated about
axis B as the rotating member is rotated. Likewise, extension member 190b is rigidly coupled to
the other rotating member 120b and can be rotated about axis C. Both extension members 190a
and 190b are formed into a substantially 90-degree angle with a short end 208 coupled to rotating
members 120a and 120b. Cenwal drive member 192a is rotatably coupled to a long end 209 of
extension member 190a and extends at a substantially paralle] relation with axis C. Similarly,
central link member 192b is rotatably coupled to the long end of extension mcmber 190b and
extends at a substantally paralle] relation to axis B (as bemer viewed in Figure 10). Central drive
member 192a and central link member 192b are rotatably coupled to each other at the center of
rutation of e giubyl mechanism, which is the point of intersection P of axes B and C. Bearing
210 connects the two central members 1922 and 192b together at the intersection point P.

Gimbal mechanism 182 provides two degrees of freedom to an object positioned
approximately at or coupled to the center point P of rotation. An object approximatecly at ur
coupled to point P can be rotated about axis B or C or have a combination of mtatinnal movement
about these axes (wWhen a combination of rotational movement is ixnpiemcnmd, the object actually
rotates about the floating axes D and/or E Instead of axes C and/or B, respectively, as shown and
described with reference to Figure 8).

Damper assemblies 1082 and 108b are preferably coupled to gimbal mechanism 182 to
providc input and output signals between interface system 202 and computer system 16 (uot
shown). Damper assembly 108a is coupled to ground member Z(4 and to extensian memher
190a, and likewise damper assembly 108b is coupled to ground member 204 and to extension
member 190b. Ay described in the abuve embodiments, damper assemblies 108a and 108b each
preferably include a piston assembly 116 and a valve 118, where the piston assembly includes a
cylinder, piston, and piston rod which couples the piston to a corx'cspoudmg rotating mcinber 120.
Computer system 16 can control the fiow of a flnid through the piston‘ cylinders and valves by
sending and receiving electrical signals to the valves, as described above. Damper assembly 108a
thus provides damping resistance 10 the motion of object 18 in the first degree of freedom ahout
axis B (or floating axis E), and damper assembly 108b provides damping resistance to the motion
of object 18 in the second degree of freedom about axis C (ur (lusling axis D).

Sensors 110a and 110b arc provided to detect the position of the vbject 18 sboul the two
degrees of freedom and relay this position to enmputer system 16. The cylinder of grounded
sensor 110a is preferably coupled to the outside surfacc of a vertical support member 206 and
weasurcs the position of object 18 in the first degree of freedom about axis B (or axis E). i.e..
sensor 110a is "associated with” or "related to" the first degree of freedom. A rotational shaft of
sensor 110a is coupled to main shaft 140 which extends from exwusion weuiber 190w, through
rowalng member 120a. through venical member 206, to sensor (10 to transmit roratinnal
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movement along the first degree of freedom. Sensor 110b preferably corresponds to scnsor 110a
in function and opcration, cxcept that sensor 110b is associsled with a second degree of freedom
about axis C (or axis D). Sensor 110b is coupled to the other vertical support member 206. In
alternate embodiments, sensors 110a and 110b can be positioned in other locativus on gimbal
mechanism 182. Fur cxample, e sensors can be coupled to their corresponding extension
memhers 19()a and 190b on the opposite side of vertical members 206 shown in Figures 9 and 10.

Sensors 110a and 110b are preferably relative optical encoders which provide siguals W
mcasurc the angular rotation of a shaft extcuding through the sensor. The electrical outputs of the
encoders are routed to computer system 16 via buses as detailed with reference to Figures la, 12,
and 13. Other types of sensors can also bc used, such as potentivsueters, linear encoders. etc.

It should be noted that the présent invention can utilize both ubsolute and relative sensors.
Au absolute sensor is one which the angle of the sensor is known in absolute terms, such as with
an analog potentiometer. Relative sensors only providc relative anglc information, und thus require
some form of calibratiun siep which provide a reference position for the relative angle information.
The sensors described herein are primarily relative sensors. In conscquence, there is an implicd
calibration stcp after system power-up wherein the sensor's shaft is placed in a known position
within the interface system 202 and a calibration signal is provided to the system to provide the
reference position mentioned above. All angles provided by the senyors are thereafer relatve o
that reference position. Such calibration methods are well known to those skilled in the art and,
therefare, will not be discussed in any great detail herein.

'T'he transducer assemblies 1082 and 108b of the described cmbodiment are advanwgeously
positioned to providc a very low amount of inertia to the user handling .object 1X. Transducer
assemblies 108a and 108b are decanpled, meaning that the transducers are both directly coupled to
ground member 204 which is coupled to ground surface 186, i.c. the ground surface carries the
weight of the daunpers, not the user handling object 1X. Similarly, sensors 110a and 110b are
coupled to vertical members 206 which are coupled to ground surface 186. The weiglits and
inertia of the dampers and sensors arc thus substantially negligible 0 a user handling and moving
ubject 18. This provides a more realistie interface 1o a virtyal reality system, since the computcr
can control the dampers to provide substantially all of the damping resistunces felt by the user in
these degrees of (notion. Interface system 202 is a high handwidth farce feedback system,
meaning that high frequency signals can be used to control dampcr asscmblics 108 and thesc high
frequency signals will be applied to the user object with high precision, accuracy, and
dependabllity. The user feels very lite compliance or "mushiness” when handling objcct 18 duc
to the high bandwidth. In contrast, in typical prior art arrangements of muld-degree of freedom
interfaces, vue wransducer “rides” upon another transducer in 2 serial chain of links and transducer.
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This low handwidth arrangement causes the user to feel the inertia of coupled transducers when

manipulating an object.

In addition, play mcchanisms 114 as shown above in Figuie Ga can be added 10 the damper
assemblies of Figures 9-10) to provide. an desired amount of play.

User ohject 1X is a joystick handle 121 in the described embodiment of Figures 9 and 10
that a user can move in two dcgrees of freedom. The position of joystick 121 can be sensed and
damping resistance can be applied in both degrees of freedom by computer system 16. In the
described embodirnent, joystick 121 is fastened to central member 210 so that the user can move
the joystick in the two degrees of freedom provided by gimbal mechanism [82 as described above.
In alternate embodiments, a linear axis F can be provided and a transducer can be coupled to the
lincar axis to provide a third and fourth degrees of freedom. In yet other embodiments, a floating
gimbal mechanism, or a difterent mechanism, can be added to the joystick to provide six degrees

. of freedom.

Joystick 121 can be used in virtual reality simulations in which the user can move - the
joystick to move a compuler-generated object in 2 simulation, move a simulated vehicle, point to
objects on a screen, control a mechanism, etc. For example, a user can view a virtual cnvironment
generated on a computcr screcn or in 3D goggles in which ;ioystick 121 conwols an aircraft. The
computer systemn wacks the position of the joystick as the user moves it around with sensors and
updates the virtual reality display accordingly to make the aircraft move in the indicated directon,
c¢tc. The computer systeiu ulso provides passive damping force feedback to the Jjoystick, for
example, when the. aircraft is banking or accelerating in a turn or in other situations where the uscr
may expericnce resistances on the joystick und find it more difficult to steer the aircraft. In other
simulations. joystick 121 can he provided with a pulsed (on and off) damping resistance to
simulate a "bumpy" feel to the uscr grasping the joystick. This cun simulate, for example, a
vehicle moviug over a bumpy road. : .

Figure 1 is a perspccu'vc view of alternate interface system 220 suitable for use with
transducer system 10 or 106. Interface system 220 includes a slotted yoke configuration for use
with joystick controllers that is well-known w tose skilled in the art. Systern 220 includes sintted
yoke 222a, slotied yoke 222h, sensors 1102 and 110b, bearings 224a, and 224b, damper
assemnblies 106a and 106b, and joystick 18. Slottcd yoke 222a is rigidly coupled tu shaft 226a that
extends through und is rigidly coupled to sensor 110a at one end of the yoke. Slotted yoke 222a is
similarly coupled to shaft 226¢ and bearing 224a at the other end of the yoke. Slotred yoke 222a is
rolatable about axis L in a first degrec of freedom and this movement is detected by sensor 110a.
Sensors 110a and 110h and heatings 224a and 224b are grounded.
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Damper assembly 108a is preferahly a pnenmatic damper as described above with reference
to Figure 62. In alternate embodiments, damper asscmbly 108a can be instead coupled to shafi
226¢ neat to bearing 224a. In yet other embodiments. sensor 1102 can be coupled ta shaft 226¢ or
bearing 224a can be implemented as another sensor like sensor 110a.

Similarly, slotted yoke 222b is rigidly coupled to shaft 226b and seasor 110b et onc cnd
and shaft 226d and bearing 224b at tc oticr cnd.  Yoke 222b can rotated about axis H and this
movement can be detected by sensor 110b. Damper assembly 108b is coupled to shaft 226b and is
described in greater detail above with reference to Figurc 6a.  Damper asscublics 1082 and 108b
are grounded as shown.

Alternauvely. the linear damper assembly 10 of Figure 1a can be used in place of the rotary
actator assemblies 106 shown in Figure 11. In a different embodiment, the damper assemblics
108a and 108b can be couupled directly to object 18 as shown in Figure 7.

Object 18 is a joystick that is pivotally anached to ground surface 230 at one end 232 so
that the other end 234 typically can move in four 90-degree directions from its center position
above surface 230 (and additional directions in other embodiments). Joystek 18 extends through
slots 236 and 238 in yokes 222a and 222b, respectively. Thus, as joystick 18 it moved in any
direction, yokes 222a and 222b follow the joystick and rotate about axcs G and H. Sensors 110a-
d detect this rotation and can thus wrack the motion of joystick 1X. ‘I'he addition of damper
assemblies 1082 and 108b allows the user to experience force feedback when handling joystick 18.
Other types of objects 18 can also be used in place of a joystick. or additional objects can be
coupled 1o joystick 1K.

In alternate embodiments, dampers and covplings can be coupled 0 shafts 226¢ and 2264
to provide additional force to joystick 112. Damper 1082 and a damper coupled (o shaft 226¢ cuan
be controlled simultaneously by & computer or other electricat system to apply or release foree fram
bail 222a. Similarly, damper assembly 108b and o damper coupled to shaft 226d can be controlled

simultancously.

In a differcnt embodiment, & play mechanism 114 as shown in Figure 6a can also be rigidly
coupled to shatt 226a and damper assembly 1082 to provide a desired amount of play between
damper assembly 108a and shaft 226a. Similarly, a coupling can be rigidly coupled (0 shafl 226b
and damper 108b. Note that the slofted yoke configuration typically introduces some inherent play
(such as compliance or backlash) to the mechanical systcm. Couplings can be added to provide an
additional amount of play, if desired. Similarly. other Interface mechanisms that typically provide
an amount of inherent play can be used such that the inherent play is measured by sensor 110 and
no play mechanism is required.
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" Figure 12 is a block diagram illustrating a generic contol system 250 for tic interface
appuratuscs of the present invention. Control system 250 includes computer systemn 16, sensors
14 or 110, dampers 12 or 108. and conrrol electronics 252. Cowputer system 16 scnds signals to
and receives signals from transducer systems included in ap interface system. A bidirectionat bus
254 is used to provide and receive thesc signals. In the preferred embodiment, & scrial port of
computer system 16, such as an RS232 port, connects the hi-directional bus to computer system
16. Alicrnatively, a parallcl port of computer systcm 16 can be coupled to bus 254, or bus 254 can
be connected directly to the data hus of computer system 16 using, for cxample. & plug-in card and

slot or other access of computer system 16.

Computer systcm 16 can input a "“sensor signal” on bus 254 from sensors 14 or 110
tepresenting the position or motion of object 18. Computer systciu 16 can also output a
"dampening signal” on bus 254 to dampers 12 or 108 to cause a damping resistance to user object
18. Sensors 14 or 110 and dampers 12 ur 108 are described in the embodiments of Figures 1-11
and below in Figures 13 and 14. Contral electronics 252 are positioned between computer system
16 and the sensors and dampers, and can includc a varicty of different components in different
embodiments. FHor example, electronics 252 may just include bus wires connecting computer
system 16 to the scnsors and dampers. Or, electronics 252 may additionally include electronic
components for communicating via standard protocols on bus 254. In addition, cuntrol elecuvnics
252 can include signal conditioning/processing electronics for receiving signals from sensors 14 or
110 and/or puwer electronics for driving darapers 12 or 108.

Preferably, in the present invention, control clectronics 252 includes o local embedded
"control” microprocessor 251 to control sensors and dampers of the interface system independently
of computer system 16. In such on embodiment, computer system 16 can issue high level
supervisory commands to the local processor 251 over bus 254. The lucal processor 251 executes
local control loops (“reflexes") for sensors and dampers in parallel with the high level control
routines. Reflexes are useful when using & slowcr communication intcrface, such as a serial
interface. For example, the local microprocessor 251 can be provided with instructions to walt for
commands or requests from computer system 16, decode the commands or requests, and handle
input and output signals according to the commands or requests. If comiputer systein 16 sends a
command to change the damping resistance provided by the dampers, the microprocessor can
output signals to the damper representing the ncw damping force to be applicd, and can scnd an
acknowiedgment tn computer system 16 that such output was sent. If computer system 16 sends a
request for sensory input, the control microprocessor can send position data from the sensors to
the computer 16. Processor 251 can also independendy implement cornmand routines to contrul
dampers or sensors until a host command is received. Suitable microprocessors for use in such
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opcrations include the MC68HC711E9 by Motorola and the PIC16(74 by Microchip. for
example.

Conuvl clectonics 252 can be provided as a component of the interface system, as shown
in Figure 12. Altemnatively, the control electronics 252 can be included with computer sysicit 16,
such as on an interface card, peripheral, etc.

Figure 13 is a schematic illustration of a specific embodiment 270 of control system 250 as
shown in Figure 12. System 270 can send and receive signals to and from transducer system 10
or 106. System 270 is suitable for use with the dampers of the present invention which provide a
passive fluid resistance to motion, and which include the two-statc on/off valve as described with
reference to Figure 1a. System 270 includes digital sensor 14 or 110. sensor interface 274,
transistor 276, voltage protector 278, and solenoid 280. Seasor interface 274, transistor 276, and
voltage protector 27% ¢can he considered part of the control electronics 252 uf Figure 12. A local
processor 251 (not shown) can also be included in system 270 between computer system 16 and
transistor 276/sensor interface 274.

Host computer system 16 receives sensor sigouls fruin one of more scasors 14 or 110 ©
determine the position of the object. The computer system preferably implements a simulation or
similar virtusl cnvirownent which a user is expenencing and moving object 18 in response to, as is
well known ta thase skilled in the art. In the described embodiment, computer system 16 includes
interface clectronies, which preferably include a serial port, such as an RS-232 interface. This
interface is suitable for controlling the passive dampers of the preseat invention.

Sensor 14 or 110 is preferably a digital sensor such as a rclative optical encoder, as
described above. Sensor 14 is preferably an electro-optical device that, for example, responds to a
shaft's rutation by pruduciug two phasc-related signals (in a2 rotary degree of freedom); or
produces these two signals in response to movment of a linear shaft (in a lnear degree of
freedom). In the describcd cmbodiment, o sensor interface 274 can be used to convert the sensor
signals to signals that can be inierpreted by the computer system. For exaumple, sensor interface
274 receives the two phase-related signals from a sensor 14 or 110 and converts the rwo signals
{no another pair of clock signals, which drive a bi-directional binary counter. The output of the
binary counter is received by computer system 16 as a binary number representing the angular
position of the cncoded shaft. Such circuits, or equivalent circuits, are well known to those skilled
in the art: for example. the Quadrawure Chip LS7166 from Hewlelt Packard, California performs
the functions described above. The position value signals are interpreted by computer system 16
which updates the virtual reality environment and controls damper 108 as oppropriate.  Other
interface mechanisms can also he used tn provide an appropriate signal to corﬁpuu:r system 16.
Scnsor intcrface 274 can be included within computer system 16, such as on an inierface. board or
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card as used in rypical persanal computer systems. Altematlvely, sensor inwrlace 274 can be

included within transducer system 10 or 106.

Altcrnatively, an analog scnsor can be used instead of digital sensor 14 or 110 for all or
some of the transducers of the preseat invention. For example, # strain gauge can be connected to
measure forces. Analog sensors can provide en analog signal representative of the positian of the
user object in a particular degree of freedom.  An analog to digital converter (ADC) can convent the
analog signal to a digital signal that is received and interpreted by computer system 16, as is well
known to those skilled in the art. The resolution of the detected motion of object 18 would then be
limited.hy the resolution of the ADC. However, nojse can sometimes mask stmall movements of
objcct 18 from an analog sensor, which can potentially mask the play that is important to some

embodiments of the present inventon.

Transistor 276 is electrically coupled to computer system 16 at its basc tcrminal and
operates as an electrical switch for controlling the activation of solennid 280. Solenoid 280 is
coupled to the collector of transistor 276 and switches the valve 22 (as shown in Figure 1) or 118
(as shown in Higire 6a) hetween on and off states to control the damping resistance on the motion
of object 18. Computer system 16 can send a dampening signal, such as a TTL logic signal, on
bus 282 to control mransistor 276 to elfther allow current to flow through thie solenovid W activate it
and open the valve, or to allow no current to flow to deactivate the solenoid and close the valvé, as
is well known to those skilled in the art. Resistor R1 is coupled between the emitter of transistor
276 and ground, and has a resistance adequate to cause the cormrect amount of current to flow
through solenoid 280. Protection circuit 278 is coupled to the collector of transistor 276 and
provides voltage spike protection to the circuitry and preferably includes two diodes or equivalent
components.

Other types of interface circuitry can also he used. For example, an electronic interface 18
described in U.S. Patent Application Serial No. 08/092,974, filcd July 16, 1993 and entitled “3-D
Mechanical Mouse” assigned to._the assignee of the present invention and incorporated herein by
reference in its entirety. The electronic interface described therein was designed for the Immersion
PROBE™ 3.D mechanical mouse and has six channels comesponding w dic six degiees of
freedom of the Immersion PROBE.

Figure 14 is a schematic illustration of circuitry 284 to send and receive signals from
wansducer system 10/106 and interface systemn 180. Circuitry 284 is suitablc for usc with passive
dampers of the present invention which include a vanable servo valve that is controlled with an
analog voltage. Circuitry 284 can also be used to control other passive dampers or actuators, such

as magnetic particle brakes and the like. Circultry 284 Includes computer system 16, digital sensor
14 or 110, sensor interface 274, digital to analog converter (DAC) 286, amplifier 2RR, transistor
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290, voltage protector 278, and solenoid 280. All these components except the computer system
16 and sensors 14 or 110 can be considered as part of control electronics 252.

Sensor interface 274 receives a signal from scnsor 14 or 110 and is coupled to computer
system 16. These components are substantially similar to the equivalent components described
with reference to Figure 13. DAC 286 is coupled to computer system 16 and receives a digital
signal from the computer system representing a resistive force value to be applied to user object 18.
DAC 286 converts the digital signal voltages to analog voltages which are then output to amplifier
288. A DAC suitable for use with the present invention is described with reference 1o .F"nguu: 15.
Amplifier 28% recejves the analog valtage fram 1JAC 2K6 an a pogitive terminal and scales the
voltage signal to a rangc usablc by solcnoid 280. Amplifics 288 can be implemented es an
operational amplifier or the like. Transistor 290 is coupled to the output of ampljﬁcr 288 and
preferably operates as an amplifier to provide increased output current to solenoid 280. Resistor
R1 is coupled between tic ucgat ve terudaul of amuplifier 288 und the crnitler of wansistur 290, and
resistor R2 is coupled herween the negative terminal of amplifier 288 and ground. For example,
resistors R1 and R2 can havc valucs of 180 kQ and 120 k<, respectively, and provide the proper
biasing in the circuit. Voltage protector 278 is coupled to the emitter of transistor 290 and provides
protection from voltage spikes when using inductive loads, similar to protector 278 of Figure 13.
Solenovid 280 is coupled to the emiter of wansistor 290 and to ground, and can be a standard
solenoid for use in valves 22. Altematively, a different passive damper, such as a magnetic
particlc brake, can be coupled to circuitry 284 in placc of solecnoid 280. A scparate DAC and
amplifier can be used for each solenocid or other actuator/damper implemented in the interface
apparatus so the computer system 16 can control each damper separately for each provided degree
of motion. Circuiry 284 (and 270 of Figure 13) is intended as one example of many possible
circuits that can be used to interface a computer system to sensors and da.rﬁpers.

The computer system 16 shown in Figures 13 and 14 sends and receives signals preferably
from a scrial port, such as an RS-232 scrial interfuce. An advantage of the present invention is that
slower serial communication signals can be used tn control the described passive damper, thus
allowing a computer's built-in serial interface to be used directly. Altemnatively, circuitry 284 can
be provided on an interface card which can, for example. fit Into an intesface slot of computer

_system 16. For example, if computer 16 is an BM AT compatible computer, the interface card can

bc implemented as an ISA, EISA, VESA local bus, or other well-kknown stundard interface curd
which plugs into the motherboard of the computer and provides input and output ports connected
to the main data bus of the computer.

Figure 15 is a flow diagram illustrating a control process 300 for an interface system 100 or
106 of the present invention. This process can be used generically to provide force feedback to a
nser of the interface. In the preferred embodiment, a local processor is included in control
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electronics 252 as described above. The steps of prucess 300 can be implemented from host

computer 16 or a local processor.

The process begins at 302. and in a step 304, the: interface system is activated. This step is
the equivalent of puwering up the interface so that it can be commnndf-.d by host computer 16
and/or proessor 251. In step 30S. a process on computer system 16, such as a simulation. video
game, etc., is begun or continucd. In the process of step 305, images can be displayed for a user
on an output display device and other feedback can be presented.

Two branches exit step 305 1o indicarte that there are two processes running simnultancuously,
i.c.in parallel. Step 306 is implemented in one of the parallel processes, in which the position of
the user object is read in by the host computer. Prelerably, the local processor cohtinually receives
commands from the host computer 16 to read signals from sensors 14 or 110 and to send those
signals to the host computer 16. After the scnsors arc read in step 306, the host computer can
updare a game or virtual reality environment in response to the user’s movements of object 18 in
step 305. For example, if the user moves a steering wheel object 18, the computer system 16 can
move the point of view of the user as if looking vul 4 vehicle and turning the vehicle. Steps 305
and 306 are repeated continuously and in parallel with other interface processes so that the host

cumputer receives the most recent position or change in position of objcet 18.

The sccond branch from stcp 304 is concemed with the process of controlling the dampers
of the present invention to provide force feedback to the user manipulating object 18. The second
branch starts with step 308, in which the host computer (and/or local microprocessor 251) check if
a change in damping resistance is required o be applicd to user object 18. This can be determined
by several types of criteria. For example, if the host computer is implementing a viden game, the
position of a computer generated object within the game may determine if a change in force
feedback (damping resistance) is called for. If the user is controlling a space ship in the game and
the space ship collides with an object such as an asteroid, then damping resistance should be
applied to the user object 18. In muny cuses, the curment position of the user object, as detected in
step 306,.determines whether a change in damping resistance is required. In’ addition, other
paramcters in the game, simulation, or other process implemented by the computer system 16 can
determine if a change in damping resistance to the user obejct is necessary. For example, the
computer system 16 may randomly determine that the user's space ship is impacted with an object
due to "environmental” conditons which are not depeudent vn the position of the user object, such
as a meteor stormn, io which a greater damping resistance should be applied to simulate the impact.

If no change in damping resistance is currently required, then the process continously
returns to step 308 until such a change in damping resistance is required. When such a change is-
required. step 310 is implemented. In which computer system 16/710cal processor checks if the new



10

15

20

25

3

WO 96/42078 PCT/US96/09664

43
damping resistance is to be uni-directional or bi-directional. Uni-directional damping resistance is
upplied in ouly one specified direction along a degree of freedom. Thus, the user would feel
resistance to the motion af the user ohject 1X is ane direction, such as clockwise or left, but would
be ablc to frecly move the object (or move the object with e different degree of resistance) in the
opposite direction of that degree of freedom (or dimension). such as counterclockwise or right.
Bi-directional damping resistance is applied to both directions along a degree of freedom so that the
user would fee] the same magnitude of resistance in cither direction. Uni- and bi-directional
resistances can be determined by the game or other process implemented by computer system 16.
For cxamplc, if a user's simulated race car collides into a wall, then uni-directional damping
resistance should be applied only in the direction of the wall, since the user would be ahle to freely
move in the reverse direction to the wall. However, if the simulated car is stuck in o simulated
puol of mud, then bi-directional resistance should be applied, sice the car will feel the same
resistance to motion in any direction. \

If the required damping resistance is uni-directional, step 314 is implemented as described
below. If the required damping resistance is bi-directional, then step 312 is implemented, in which
the desired amount of damping resistance is applied or removed to the user object as specified by a
command from the host computer. Prcferably, the host computer scnds a command to the local
microprocessor 251 indicadng the magnitude of damping resistance and the degree of freedom that
the resistance is to be applied (such as “horizontal" or "vertical"). If a single on-off valve is being
uscd in the desired degree of freedom, then the magnitude of resistance can be specified 4s an “on”
signal (maximum resistance applied) or an "off” signal (no resistance applied). If variable
resistance can be applied, then @ number from the host computcr can indicatc thc magnitude of
damnping resistance. The local processor. in tum. implements the command by sending an
appropriate signal to the appropriate damper. ’

After the resistance has been applied, the process returns to step 308 to determine if there is
a change in the applied damping resistance. Preferably, the host computer system 16 vily seuds a
command to change the magnitude of the resistance. ‘I'hus, it no change in damping resistance is
required at step 308, the local processor will continue to command the dampers to apply the
magnitude of resistance that was last provided 1o the local processor. Once a change in damping
resistance is required, then the process again implements step 310.

If the required damping resistance in step 310 is not bi-directional, then it is uni-directional.
Preferably, the host computer systcm scnds @ command to the local processur indicaling Uic
magnitude of the damping resistance to be applied and the specitic direction in a degree of freedam
in which the resistance is to be applied. For example, if a joystick has two degrecs of frecdom of
“hurizonwd™ and “vertical”, then the direction can be specified as “horizonial-left”. “horizontal-
right”, “vertical-left" or “vertical-right.” Step 314 is then implemented, in which the host
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mmpnirer/lnml processor checks whether the user objéct is moving in the designated direction of
resistance. Since the preferred dampers of the present invention provide resistance bi-directionally,
as described in the embodiments above. a desired amount of "play” may be implemented to detect
movement in the direction opposite to the direction of resistance, as explained above with reference
to Figures 6a-6¢. Preferably, the local processor implements step 314 autonowously as a "reflex”
to remove processing burdens from the host computer, remove communication lag from the
computer sytem 16 to the uscr object, and improve system performance.  Such a reflex is most
appropriate when using a serial interface to communicate with the host computer.

If the user is not moving in the direction of resistance, then the user object can be moved
freely and the process retums to step 308 to check if a change in the applied damping resistance (or.
lack in applied resistance) is required. If the user is moving in the direcdon of resistance in step
314, then step 316 is implemented, in which the specified magnitude of damping resistance is
applied to the uscr object. As cxplained above, the preferred dampers of the present invention
always apply bi-directional resistance to the user object. . Thus, to simulate uni-directional
resistance, the computer or processor should be sble to detect movement opposite to the direction
of resistance. This is the reason for the inclusion of the play mechanism described with reference
1o Figures 6a-6e.

After step 316, step 318 is implemented, in which the host computer/local processor again
checks if the user object is being moved in the designated dircction of resistance. If not, then local
processor (or host computer) removes the applied damping resistance in step 32(. The process
then returns to step 308 to check if a change in damping resistance is required. If the user object is
being moved in the direction of resistance in swep 318, then step 322 is implemented. in which the
local processor (or host computer) checks if a change in damping resistance is required. This can
occur if the computer process of step 305 requires a different resistance to be applicd, elc., as
described ahove with reference to step 3UK; the. hast compiter can issue a command to processor
251 to change the applied damping resistance (or remove the applicd resistance; a removal
command can be considered a bi-direcdonal resistance command). If change in resistance is not
required, then the process returns to step 318 to again check the direction of the user object. If a
change in resistance is required, the process returns to step 310 w detenmine if the reyuired
resistance is bi-direction nr uni-directional, as described above.

Steps 314-3722 are preferahly implemented as a “reflex” execnted autonomously by the local
processor 251. The local processor can independently check the direction of the movement of the
uscr object and apply a uni-directional resistance when appropriate, thus freeing the host computer
to run the application process of step 305. When a different resistance is to be applied, or a

resistance removed, the host computer can issuc 4 command o do so at the appropriate time.
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The above-described process can be used o provide a vaniety of haptic sensations to the
user through the uscr object 18 to simulate many different types of tactile events. Three typical
haptic sensations include a virtual obstruction. a virtual texture. and virtal damping.

Virtual obstructions are provided to simulate walls and other uni-dircctional forces in a
simulation, game, etc. For example, the movement of a curcor displayed on a display screen can
be controlled by a force feedback joystick. An obstruction, like a brick wall, can also be displayed
on the screen. The user moves the cursor left until the cursar encounters the obstruction. The user
then feels a physical rosistance as he or she continues to move the joystick left, sincc the local
processor (receiving a command from the computer system 16) has applied maximum uni-
directional resistance in the direction of the obstruction in step 320 of Figure 16 above. If the user
moves the cursor away from the obstruction (right), the processor removes the resistance in step
318 of Figure 16. Thus the user is given a convincing sensation that the virtual obstruction
displayed on the screen bas physical properties. -

Viral textures can be used to simulate a surface condition or similar texture. For exarmple,
as the user moves a joystick or other user object along an axis, the host computer sends a rapid
sequence of commands informing the local processor to repetitively 1) apply bi-dircctional
resistance along that axis, and 2) to then immediately apply. no resistance along that axis. ‘T'his
causes an on-off valve, for example, to open and close at a desired frequency. This frequency is
based upon the travel of the joystick handle and is thus cormelated with spatial position. Thus, the
user feels a physical sensation of texture, which can be described as the feeling of dragging a stick
over a grating..

Virtual damping can be used to simulatc motion through a viscous fluid, wind, or a similar
resistive or "damping” environment. For example, & cursor controlled by a joystick is moved
through a region that simulates a thick liquid, such as syrup. The host computar 16 commands that
4 bi-directional horizontal and vertical resistance be applied w the joystick when the cursor enters
the region. The user feels the physical resistance as the cursor moves through the region. The
resistance is immediately removed when the cursor exits the region. Thus the user is given a
convincing sensaﬁnn that the regian displayed on the screen has physical properties.

While this invention has been described in terms of several preferred embodiments. it is
contemplated that alterations, modifications and permutations thereof will become apparent to those
skilled in the art upon a reading of the specification and study of the drawings. For example, the
linked members of gimbal apparatus 182 can take a number of actual physical sizes and forms
while maintaining the disclosed linkage structure. In addition, other gimbal mechanisms can also
be provided with a linear axis member 184 to provide three degrees of freedom. A variety of
devices can also be used to sense the position of an object in the provided degrees of freedom.
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Uther pneumatic (or hydraulic) devices can also be used to provide a passive resistance o a user
objectin accordance with the present invention. Furthcrmorc, certain terminology has been uscd
for the purposes of descriptive clarity. and not (o limit the present invention. It is therefore
intended that the following appended claims include all such alterations, modifications and
permutations as fall within the gue spirit and scope of the present invention.

What is claimed is:
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Other pneumatic (or hydraulic) devices can also be used to provide a passive resistance 1o a user
objectin accordance with the present invention. Furthermore, certain terminology has been used
for the ‘purposes of descriptive clarity, and not to limit the present invention. It is therefore
intended that the following appended claims include all such alterations, modifications and
permutations as fall within the true spirit and scope of the present invention.

What is claimed is:
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Claims
1.  An apparatus for interfacing the motion of an object with an electrical system
comprising:

a sensor for detecting movement of said object along a degree of freedom, said sensor
being operative to develop a sensor signal for an electrical system; and

a passive pneumnatic damper coupled to said object for transmitting a drag to said object
along said degree of freedom to resist 2 movement of said object, said damper being responsive to
a dampening signal provided by said electrical system;

such that said sensor and said pneumatic damper provide an electromechanical interface between
said object and said electrical system.

2. An apparatus as recited in claim 1 wherein said pneumatic darmper includes a cylinder
and a piston operative to move within said cylinder.

3. An apparatus as recited in claim 2 wherein said pneumatic damper further includes a
valve for regulating a flow of a fluid through said cylinder, said valve being controlled to transmit a
variable drag to said movement of said object.

4 An apparatus as recited in claim 3 further comprising a plurality of valves, wherein said
plurality of valves are controlled to transmit said variable drag to said movement of said object.

5. An apparatus as recited in claim 3 wherein said valve provides only two arnounts of
drag to said object, said two amounts being no drag to allow substanually free movement of said
object along said degree of freedom, and a maximum drag to allow substantially no movement of
said object along said degree of freedom.

6. An apparatus as recited in claim 3 wherein said valve provides at least three amounts of
drag to said object along said degree of freedom.

7. An apparatus as recited in claim 3 wherein said electrical systemn includes a digital
computing apparatus. and wherein the size of an orifice in said valve is controlled by said digital
computing apparatus.
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said digital computing apparaws 10 control said valve,
9. An apparatus as recited in claim 7 wherein said fluid is air.
10. An apparatus as reclted in claim 4 Wherein said sensor includcs a digitul encoder.

1. An apparaws as recited in elaim 2 wherein said sensor has a seosing resolution. and
wherein said apparatus further includes a play mechanism coupled between said preumatic damper
and said object for providing u desired amount of play between said pneumatic dampe; und saig
object along sald degree of treedom, wherein said desircd amount of play is €qual to or greater than

said sensing resolution.

12. An apparatus as rccited in clajm 12 wherein said sensor is rigidly coupled to said
objcct, and whercin an amount of play less than said sensing resolution cxists between sald sensor

and said object.

I3.  An apparatus as recited in claim 13 wherein said play includes rotary backlash
provided by a coupling coupled to said object and having a keyed bore which js smaller thau a
keyed shall that is received by said keyed bore, said keycd shaft being coupled to said pneumatic
damper.

14. An apparatus as recited in claim 7 whicrein sald object is one of the group consisting of

a joystick and a stylus.

15. An apparaius for interfacing the motion of an object with an electrical systern
coruprising: ’

a transducer mechanism providing a first degree of freedum o an object engaged with said
transducer mechanism;

a sensor electrically coupled (o said electrical system and rigidly mechanically coupled w
said trauducer mechanism for gensing positions of said objcet along said first degree of freedam;
and

a braking mechanism electrically coupled 0 said electrical system and rigidly mechanically
coupled to said gimbal mechanism lo Create a passive damping resistance to movement of said
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ohjecr along said first degree of freedom, said braking mechanisu: including a damping mechanism
that provides said damping resistance by conrrolling the flow of a fluid:

whereby said braking wechunism and sald sensor provide an electromechanical interface
berween said object and said electrical system.

16.  An apparatus as recited in claim 15 wherein said transduccr meclsnism includes a
gimbal mechanism providing a fust revolute degree of freedom to said ohject engaged with said
gimbal mechanism about a tirst axis of rotation.

17. An apparatus as recited in claim 16 wherein said gimbal mechanism provides a second
degree of freedom to said object about a sccond axis of rotativn, and further comprising a second
sensor fur sensing positons of said ohject along said second degree of freedom and a sccond
braking mechanism to create a passive damping resistance along suid second degree of freedom by
conurolling the flow of a second gas. -

18. An apparauws as recited in claim 17 wherein said gimbal mechanism includes a closed
loop tive member linkage.

19. An apparatus as recited in claim 18 whercin said five member linkage includes:
a ground member coupled to a ground surface:

first and second extension members, cach extension member Leing coupled w said ground

member;

first and second central members. said first central member having-an end coupled to said
first extension member and said second central member having an cnd coupled to said secoud
extension member, whercin said central members are coupled 0 sald linear axis member at ends
not coupled to said extension members.

20. An apparatus as recited in claim 17 wherein said braking mechanism includes a piston
assembly and a valve.

21. An apparatus as recited in claim 20 whercin said pistun assembly includes a cylinder
and a piston operative 1o suve within sald cylinder. said piston heing coupled to said object by a
piston rod. ‘

22. An apparatus as recited in claim 21 wherein said piston rod includes two ends, cach
end including a ball joint.

23. Ag apparatus as recited in claim 21 whereiu suid Nuid is air.
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24. An apparatus s recited in claim 23 wherein said object includes a Jjoystick.

25. An apparatus as recited in claim 17 wherein said electrical system includes a digital
processing system for providing a braking signal to said braking mcchanism and for reeeiving an
electrical signal from said sensor. .

26. An apparatus as recited in clais 15 wherein sald object is capahle of being moved
along said at least one degree of treedom by a user grasping said object.

27. An apparatus as recited in claim 15 further comprising a second brnking mechanism
electrically coupled to said electrical system and rigidly mechunically coupled to said transducer
mechanism o creale a passive damping resistance to movement of said object along a second
degree of freedom, said braking mechanism including & damping mechanismy that provides said
damping resistance by controlling the flow of a fluld.

28. An apparlus s recited in claim 27 wherein said transducer system includes a first
linear member coupled between said object and said braking mechanism to providc a first lincar
degree of freedom to said object, and a secoud lincar member coupled between said ohject and said
secoud braking rechanism to provide a second linear degree of freedom to said object.

29. An apparaws as recited in claim 2% wherein said first linear member is a flexiblc
member that flexes when said object is moved in said sccond degree of freedoiu, und wherein sald
second lincar member is a flexible member that flexes when said ohject is moved in said first
degree of freedom.

30. A method for interfacing motion of an object with an electripa] system, thc method
comprising the steps of: )

providing an object having a degrec of freedom;

sensing positions of said-objcct along said degree uf frecdom with a seasor and producing
clectrical scusor signals therefrom: and

creauuny a resistnce 10 movement of said ohject along said degree of freedom by regulating
the tlow of a fluid.

31. A method as recited in claim 30 wherein said degree of freedom is a 1otary degree of

freedom.

32. A mcthod as recited in claiin 30 wherein satd degree of freedom is a linear degree of

frecdom.
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33. A method as recited in claim 30 wherein sajd step of creating a resistance to movement
of said object includes cuupling a passive brake to said abject to provide said resistance.

34. A method s recited in clalm 33 wherein said brake includes a piston assembly and o
valve to regulate said flow of said fluid.

35. A method as recited in claim 34 wherein said fluid is air, and wherein said piston
assembly and said valve comprise an vpen loop system for circulating air supplied externally to
s4id piston assembly and said valve.

36. A method as recited in claim 34 wherein said piston assembly and said valve coruprise
a closed loop system for circulating a substantially fixed amvunt of said fluid within said piston
asseuibly and said valve.,

37. A method as recited in claim 33 wherein said brake includes a cylinder and a piston,
Wherein an electrorheological fluid and a plurality of clectrodes arc provided iu said cylinder such
that said step of regulating said flow of sald fluid is accomplished hy applying a voltage to said
electrodes to control a viscosity of said electrorheological fluid and thereby rogulate said flow of
said fluid.

38. A mcthod as recited iu claim 33 further comprising a siep of reading said sensed

positlons of said object hy recaiving said electrical sensor signals and controlling said brake by
outputting said electrical drag signals.

39. A method as recited in claim 34 further comprisiug a slep of providing a gimbal
mechanism to which said object is coupled, said gimbal mechanism providing two degrees of
freedom to said object. ’

40. A method as recited in claim 39 wherein said gimbal mechaaism is a closed loop five
member linkagc.

41. A method as recited in claitn 34 further comprising a step of providing a sloned yoke
mechanism to which said ohject is coupled, said slotted yoke providing two degrees of freedom to
said object.

42. A system for conuolling an clectromechanical interface apparatus manipulated by a

uscr, the systeu comprising:

a digitdl cumputer system for receiving an input control signal and for providing an output
contral signal, wherein said digital computer system updates a process in response to said iuput

control signal;
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- & passive damper for receiving said output control signal and providing a resistive furce
along a degree of freedom to an object coupled to said Passive dauuper, sald resistive force being
based on a flow of a fluid within said passive damper, said flow of said fluid being based on
information in said enrput control signal, wherein said rcsistive force resists a user force applied to
said object by said uscr along said degree of freedom; and

a sensor for detccting mwotivn of said object and aurputting said ini:ut control signal
iucluding informnation representative. of the position and motion of sajd object (v said digital

computer system.

43. A system as recited in claim 42 wherein said process updated by said digital computer
system uicludes simulation and video game software.

44. A sysiem as recited in claim 42 wherein said passive damper includes a phcutatc
brake for conmolling the flow of said fluid, whercin said fluid is wir, )

45. A system as recited in claim 44 wherein said pucuuatic brake includes a piston
aseembly and a valve for regulating said flow of said air, wherein said flow of said air js regulated
Ly said digital computer systemn.

46. A system as recited in claim 45 wherein said object is grasped and moved by said user.

47. A sysiem as recited in claim 46 wherein said digital computer displays u view of a
video game to said user, whercin said user can interuct with sald video game by manipulating said

object.

48. A system as recited in claim 45 further comprising a local procéssor for receiving said
output control signal from said digital computer system and providing a second output control
signal to said passive damper, said processor receiving a second input control signal from said
Sensor and outputting said input control sigual to said digital computer system.

49. A system as recited in claim 48 wherein said local processor is upcrative to provide
said second output contro] signal to said passive damper in response to said position and motion of
said object idependenty of said output control signal from said digital computcr system.

50. A system as recited in claim 49 turther comprising a serial interface for outputting said
output control signal from said computer system and for recciving said Input control signal to said

computcr system.
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51. A system as recited In claim 48 further comprising a digital to analog cunverner coupled
tosaid digital computer system that reccives said outpul control signal from said computer system
in digital form and for counverting sald output control signal to analog form.

52. A system as rccited in claim 47 wherein -Said output control signal controls sajd
resistive force to simulate said object moving into an obstacic.

53. A system as recited in claim 47 whercin said output couulrul signal controls said
resistive force to simulate said object inoving over a textured surface.

54. A system as recited in claim $3 wherein said outpnt contral signal controls said
1esistive force to simulate said object moving through a damping environment.
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